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Abstract 
 
Biohybrid catalysts are a new type of catalysts composed of transition metal complexes bound 
to biomolecular scaffolds, e.g. proteins. Biocatalytic transformations are associated with 
reaction control through space resulting in high catalytic efficiency and selectivity as wells as 
operation under mild conditions. Transition metal catalysis is characterized by a reaction 
control through physical parameters and a broad variety of solvents and metals for different 
reactions. Combining the complementary features of the proteins second ligand sphere and 
the highly active transition metal catalysts leads to biological-inorganic catalysts which impart 
selectivity to metal catalysts, accelerate chemical reactions, and cover the ability for 
systematic optimization. The chemogenetic optimization by catalyst design and protein 
engineering with directed evolution allows overcoming synthetic challenges in organic 
chemistry and biocatalysis (e.g. limited reaction scope for enzymes and limited 
enantioselectivity for homogenous metal catalysts). 
 
The ring-opening metathesis polymerization (ROMP) is a powerful reaction for the 
preparation of a wide range of functional polymers. ROMP in aqueous solution produces 
polymers with lower PDI values and higher molecular mass and has faster initiation rates 
compared to ROMP in organic solvents. Water soluble Grubbs and Grubbs-Hoveyda type 
catalysts have shown ROMP activity with 7-oxanorbonene derivatives in aqueous media with 
preferential trans selectivity, but no preferential cis-selective catalysts have been published 
yet. Therefore in collaboration with Okuda group (IAC, RWTH Aachen) and Hayashi group 
(Osaka University), we aim to develop biohybrid catalysts for ROMP. The membrane protein 
FhuA was selected as scaffold to accommodate Grubbs-Hoveyda type catalysts due to its rigid 
β-barrel channel structure and high resistance towards organic solvents and elevated 
temperatures which broaden the application range of FhuA biohybrid catalysts. The focus of 
my PhD project was to reengineer FhuA for coupling with Grubbs-Hoveyda type catalysts and 
tuning the selectivity of the developed biohybrid catalyst through protein engineering. 
 
This work represents the first example of a biohybrid catalyst for ROMP with yields around 
35 % and slightly altered stereoselectivity (54:46 in favor of the cis-product). FhuA-Grubbs-
Hoveyda is a new type of biohybrid catalysts based on the designed membrane protein FhuA 
with the binding site in the channels interior. A Grubbs-Hoveyda type catalyst was covalently 
coupled with a maleimide moiety to the single free cysteine at position 545 of FhuA. The 
binding cavity was designed to ensure catalyst coupling and activity by introducing two point 
mutations Glu501Phe and Arg548Val. Cleavage sites for the tobacco etch virus (TEV)-protease 
in the extracellular loops enabled the detection of coupled Grubbs-Hoveyda-type catalysts at 
the free single cysteine by MALDI-TOF-MS. The FhuA ΔCVFTEV-variant was successfully 
expressed. An optimized extraction method using sodium dodecylsulfate (SDS) as solubilizing 
detergent resulted in 4 mg/ml with purities above 90 %. The folding and stability 
characteristics of FhuA were investigated using circular dichroism spectroscopy, revealing an 
6 
extraordinary organic solvent tolerance (up to 20 % THF, up to 20 % isopropanol) and pH 
stability (pH 5.5 to 10). Cysteine titration was used to determine the coupling efficiency. The 
biohybrid catalyst toolbox was broadened with further ruthenium and rhodium based 
catalysts for which a successful anchoring to the protein was shown. Supported by 
computational modeling four FhuA variants with up to four tyrosine substitutions were 
generated and produced to gain insights on amino acid substitutions that govern the biohybrid 
catalysts’ stereoselectivity.  
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Chapter 1: Introduction 
1.1 Biohybrid catalysts 
 
Applying asymmetric catalysis for the production of enantiomerically pure compounds is one 
of the most evolving topics in synthetic organic chemistry (e.g. pharmaceuticals, functional 
materials, flavors and crop chemicals)1-2. The dominant approach to obtain enantiopure 
chemicals is homogenous catalysis using transition metal catalysts3, organocatalysts4, or 
biocatalysts5. In particular transition metal catalyzed transformations have attracted 
exceeding attention. 
But despite vast efforts, predicting the enantioselectivity of the catalyzed reaction remained 
challenging. The energy differences of the involved transition states are often too small to 
reliable predict the resulting product. Thus the amount of highly efficient enantioselective 
catalysts and substrates are rather modest yet6. 
The use of enzymes as biocatalysts for enantiopure compounds is a very attractive approach 
due to their remarkable chemo-, regio-, and stereoselectivity as well as their high catalytic 
efficiency5, 7-8. In particular metalloenzymes containing metal ions or metal complexes 
promote transformations where a chemical based counterpart has not been found yet (e.g. 
oxygenases, nitrogenases).  
The enantioselective catalysis with enzymes has become a pursued field since the rapid 
progress in biotechnological engineering and microbiology. Even traditional challenges such 
as limited substrate scope and poor stability towards organic solvents or elevated 
temperatures have been overcome using protein engineering by directed evolution9.  
Enzymes show an exceptional well defined first and second coordination sphere provided by 
the combination of steric, electronic, hydrophobic and hydrogen bonding interactions at the 
active site. This is particular difficult to achieve for homogenous catalysts since their activity 
and selectivity is almost exclusively controlled by the first coordination sphere of the metal 
center10. 
Homogenous transition metal catalysts are generally very tolerant towards size variations of 
substrates and show their most attractive characteristics in non-polar substrates while 
enzymes exhibit their optimal performance in polar solvents and polyfunctional materials11. 
Both approaches have until recently developed in separate fields. However, significant efforts 
have been made during the last decade to combine the complementary features of both 
fields12. In biohybrid catalysts (also known as artificial metalloenzymes) an achiral moiety 
which provides activity is localized in a chiral pocket formed by the surrounding of a host 
protein. These biohybrid catalysts could reveal characteristics of both homogenous and 
enzymatic catalysis11. 
The second ligand sphere of the biomolecular scaffold affects a number of parameters in 
catalyzed reactions. In general the metal catalyst defines the catalysis and the reaction rate. 
The latter can be influenced by the biomolecular scaffold leading to a slower reaction caused 
by diffusion limitations or unfavorable interactions of residues with catalyst and substrate13-15. 
However, the scaffolds can also significantly accelerate the reaction rates, often dependent 
Chapter 1: Introduction 
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on the substrate16-18. The rate acceleration is a very attractive feature, in particular for the 
supramolecular anchoring to compensate the equilibrium between bound and unbound 
catalyst which otherwise could cause a lowered enantiomeric excess. While the reactivity is 
predominantly controlled by the metal catalyst the biomolecular scaffold determines the 
overall physic-chemical properties comprising the solubility of the biohybrid catalyst as well 
as the polarity properties of the surrounding of the metal catalyst within the active site. This 
ability to control the environment around the metal catalyst could result in a remarkable 
chemoselectivity19-20. The protein surrounding does not only discriminate between different 
reactions but can also provide a chiral structure to generate enantiomerically enriched 
products. Furthermore the protein surrounding is capable of imposing restrictions to the usual 
broad substrate scope of biohybrid catalysts due to size or shape of the substrates21 as well as 
charge and polarity. The properties of biohybrid catalysts are usually affected by a 
combination of these parameters and could overcome the conventional assumed limitation 
for asymmetric homogenous catalysis that enantioselectivity is achieved at the expense of 
activity. 
 
Selection of scaffolds for biohybrid catalysts 
 
For the design of biohybrid catalysts the key parameters are the metal complex, the 
biomolecular surrounding and the anchoring of the metal complex to the biomolecule. The 
selection of the metal complex is guided by the desired activity. Hereby, preserving the 
integrity of the catalysts towards proteins functional groups and aqueous solutions is of high 
importance, since the medium of maximum stability for proteins is water. Suitable 
biomolecular scaffolds for biohybrid catalysts are selected by their physic-chemical properties 
including surface charges, pH- and solvent stability and temperature tolerance10. Fundamental 
is the selection of the scaffolds nature – protein- or nucleotide-based. DNA scaffolds as well 
as proteins have shown catalytic activity in various attempts. The use of proteins or 
nucleotides as scaffold determines the reaction scope and thus the selection of the transition 
metal complex. DNA undergoes strand scission, if exposed to oxidative stress, while for 
proteins oxidations are one of the most investigated reactions used with biohybrid catalysts22. 
Attempts to design catalytic proteins comprise the engineering of an active site within a 
natural protein or the de novo protein design, which requires the simultaneous generation of 
the backbone structure and sequence23-27. While directed evolution significantly advanced the 
design of customized selective enzymes28-32 and generally improved the stability, activity and 
selectivity of biocatalysts, the de novo design is still challenging. Existing active sites or 
pockets, basically already provide a second ligand sphere which can be reengineered by 
directed evolution. In the first seminal report on biohybrid catalysts by Wilson and 
Whitesides33 this principle was applied to avidin as protein surrounding. The exceptional 
strong affinity of biotin to the avidin binding pocket accommodated catalyst and substrate. An 
alternative to existing pockets is the generation of a new binding site in biomolecular scaffolds 
lacking a specific binding pocket. This expands the number of usable scaffolds but effects on 
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structure and stability need to be considered. For the selection of a biomolecular scaffold the 
existing binding pocket or the pocket to be generated has to be sufficiently large to harbor 
both the transition metal catalyst and the substrate.  
 
Anchoring strategies for protein-based biohybrid catalysts 
 
To ensure presence of the metal moiety within the binding pocket of the protein three 
concepts are used: (a) dative coordination of the metal atom by amino acid residues), (b) the 
covalent modification residues by functionalized catalysts, and (c) non-covalent bonding of 
catalyst or catalyst substituents by the protein surrounding34 (Figure 1).  
 
 
Figure 1: Anchoring techniques of catalytic complexes to biomolecular scaffolds for the construction of biohybrid catalysts 
 
A very strong and specific anchoring has been achieved by supramolecular interactions based 
on non-covalent binding of the biomolecular scaffold to small molecules. The most persuasive 
reason applying this approach is the easy self-assembly of the constructed biohybrid catalysts 
allowing fast and easy optimization. Among the supramolecular anchoring based biohybrid 
catalysts the system of avidin-biotin described by Wilson and Whitesides33 is one of the 
strongest binding concepts in nature and has been well-studied35-39. However, depending on 
the strength of the supramolecular interactions there might be uncertainty about binding 
positions of catalysts resulting in several active species. The structure of the biohybrid catalyst 
thus might be less well-defined. 
A related non-covalent anchoring approach comprises the binding of metal atoms by dative 
coordination and the functional groups of the proteins amino acid side chains. Within the 
desired binding site there might be not only dative interactions but also combinations with 
Chapter 1: Introduction 
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additional supramolecular interactions. As shown for manganese salen complexes in 
myoglobin the ability to precisely position the metal catalyst within the protein surrounding 
is an outstanding feature. Being restricted to the use of the natural occurring amino acids is a 
drawback of this approach, since many transition metal catalyzed reactions are based on non-
natural ligands, which distinctly constrains the reaction scope. 
The most popular anchoring is the covalent modification of the nucleophilic thiol function of 
cysteine. Based on the seminal work of the group of Kaiser40 this anchoring method provides 
highly region- and site-selective anchoring of transition metal complexes to the protein. The 
modification, however, requires time-consuming optimization, involves chemical 
modifications and non-trivial purification methods10. Furthermore the synthesis of metal 
complexes is often challenging due to the need to incorporate a reactive metal center for 
catalysis and a reactive functional group within one complex. 
 
Examples and recent highlights of biohybrid catalysts 
 
After the first reports of biohybrid catalysts by Kaiser’s research group40 and Wilson and 
Whitesides33 in the late 19070s the area remained comparatively unexplored. With the 
progress in protein structure determination by X-ray crystallography and the ability to improve 
the protein by computational modeling and protein engineering the filed gained more 
attention in the early 2000s. Until now the catalytic scope of biohybrid catalysts provides a 
broad field of available scaffolds and reactions.  
Based on the supramolecular approach with avidin and biotin the construction of several 
enantioselective hydrogenation biohybrid catalysts followed. Ward et al. used the bacterial 
analogue streptavidin to boost the ee up to 96 % (R)35, 41. Also the dative bonding approach 
using rhodium instead of zinc(II) in the active center of bovine carbonic anhydrase showed 
remarkable performance in the stereoselective hydrogenation of olefins42. Recent 
developments also covered the asymmetric transfer hydrogenation using ruthenium and 
rhodium complexes which were covalently attached to papain as promising example for high 
conversions43.  
Complementary to hydrogenations also oxidations by biohybrid catalysts experienced a 
variety of catalytic highlights. Using Mn-salen complexes the sulfoxidation with apo-
myoglobin resulted in 32 % ee (S) by non-covalent anchoring. Furthermore the dual covalent 
attachment at cysteine led to 51 % ee (R)16. Changing the attachment site within the apo-
myoglobin resulted in an increase to 60 % ee (R) and allowed a complete control of 
chemoselectivity by preventing further oxidation20.  
Regarding the use of biohybrid catalysts in synthetic chemistry of pharmaceuticals and crop 
chemicals the C-C-bond formation is a very important feature. Aiming for the Diels-Alder 
reaction Reetz and coworkers showed remarkable enantioselectivities (85-98% ee in favor of 
the endo-products) when using BSA as host protein with non-covalent anchoring of a 
CuII-phthalocyanine complex44. 
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Olefin metathesis is another interesting reaction in synthetic chemistry using proteins as 
scaffolds for biohybrid catalysts. Hilvert et al. reported a Grubbs-Hoveyda type catalyst 
attached to the surface of the heat shock protein MjHSP by covalent modification of 
cysteine45. The non-covalent anchoring of Grubbs Hoveyda catalyst to the Streptavidin binding 
pocket was shown by Ward et al.37, while Matsu et al. used non-covalent interactions of the 
intrinsic inhibition mechanism in chymotrypsin to direct the catalyst moiety into the binding 
pocket followed by covalent attachment46 (Figure 2). 
 
 
Figure 2: Recent examples in ring-closing metathesis (RCM) using biohybrid catalysts based on Grubbs-Hoveyda type 
catalyst. A) (Strept)Avidin37, B) MjHSP (heat shock protein from Methanocaldococcus jannaschii)45, C) α-Chymotrypsin46 
 
However, activity remained low compared to free Grubbs-Hoveyda catalyst in water and 
selectivity could not be observed since no prochiral substrates were used. The preparation of 
biohybrid catalysts capable of catalyzing ring-opening metathesis polymerization has not been 
shown until recently by Philippart, Arlt and Gotzen et al.47. The development of this kind of 
catalyst will be discussed in this thesis in detail.  
  
Chapter 1: Introduction 
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Remarkable results have been achieved using optimized biohybrid catalysts by protein 
engineering and catalyst design. Table 1 shows an overview about recent highlights in the 
development of biohybrid catalysts. 
 
Table 1: Overview about recent developments of biohybrid catalysts 
Reaction Protein scaffold Metal complex Reference 
Transfer hydrogenation (Strept)avidin Rh, Ru and Ir pianostool 39 
Transfer hydrogenation Papain Ru (II), R(III) 43 
Benzannulation (Strept)avidin Cp* Rh 38 
Oxidation/Epoxidation Nitrobindin Mn terpyridine 48 
Hydroxylation Myoglobin Mn porphycene 49 
Hydrolysis LmrR Cu phenantroline 50 
Polymerization Nitrobindin Rh Cp 51 
Diels-Alder SCP-2L* Cu dipicolylamine 52 
Olefin metathesis (Strept)avidin Ru Grubbs-Hoveyda 37 
Olefin metathesis MjHSP** Ru Grubbs-Hoveyda 45 
Olefin metathesis α-Chymotrypsin Ru Grubbs-Hoveyda 46 
* SCP-2L (sterol carrier protein type 2 like domain), ** MjHSP (heat shock protein from 
Methanocaldococcus jannaschii) 
 
Tailoring biohybrid catalysts 
 
The chemogenetic tailoring of biohybrid catalysts for desired properties covers the chemical 
optimization of the metal catalysts and reengineering of the protein surrounding.  
The rational design of homogenous catalysts in asymmetric catalysis remains challenging, due 
to the small difference between the transition states leading to a preferred product formation. 
Therefore the optimization of homogenous catalysts is a combinatorial process of screening 
suitable ligands with different metal ions in presence of various additives and depends on 
solvent, pH and temperature53. However, this requires the time-consuming synthesis of chiral 
ligands with steric control over the metal hemisphere and considerations regarding their 
interactions with non-bonded compounds (2nd coordination sphere). Improving this catalytic 
site control with larger ligands is often accompanied with loss of activity. 
Proteins are very well suited to provide well defined second coordination spheres by various 
interactions with amino acid side chains. Compared to conventional transition metal catalysis 
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these ligands are not required to be chiral which reduces the synthetic complexity and 
simplifies the optimization process10. The optimization of the protein scaffold can be achieved 
using directed evolution and rational design. 
The directed evolution approach mimics nature’s evolutionary processes and does not require 
any knowledge about the structure-function relationship of the target proteins. In iterative 
rounds of directed evolution, mutations are introduced randomly to the gene encoding the 
targeted protein followed by expression and screening of the generated variants for the 
desired improved properties. The iterative cycles of directed evolution allow a stepwise 
enhancement of the performance of protein based catalysts. A prominent method for 
generating diversity is error-prone PCR (epPCR). Herein the fidelity of the normally highly 
specific polymerase without proof reading ability (e.g. Taq-polymerase) is altered by additives 
in the reaction buffer resulting in randomly distributed mutations over the gene (at a rate of 
1-3 base pair substitutions per kilobase)54-57. To obtain a more even distribution of mutations 
the sequence saturation mutagenesis (SeSaM) allows targeting each position on the gene of 
interest equally resulting in a much higher diversity level. This method relies on the use of 
cleavable phosphothioate nucleotides and universal bases58. After identification of promising 
positions one can saturate each position (site-saturation mutagenesis, SSM) and combine 
them (site-directed mutagenesis, SDM) in a semi rational way or use the OmniChange method 
relying on NNK-degenerated codons to simultaneously saturate up to 5 codons and benefit 
from additional combinatorial effects59. However, using directed evolution techniques results 
in large mutant libraries which need efficient high-throughput screening methods to cover the 
generated sequence space.  
The application of directed evolution in biohybrid catalysts faces some challenges compared 
to conventional protein engineering for enzymes. Usually a much higher protein amount is 
needed since the synthetic catalysts are much less active than enzymes. Additionally there are 
purification steps prior and after conjugation to the transition metal catalyst necessary. 
Overcoming these problems, Reetz et al. were the first to report the directed evolution of a 
biohybrid catalyst based on an achiral biotin-functionalized rhodium complex and avidin. They 
showed an increase in enantioselectivity from 23 % ee (R) to 65 % ee (R) after three rounds of 
directed evolution60. 
Most successful attempts to improve biohybrid catalysts were shown using semi rational 
design due to the reduced library size. Combinatorial catalyst screening together with rational 
protein design, referred to as designed evolution61, requires rational selection of scaffolds and 
compounds to combine followed by several rounds of screening62. Based on structural 
information about the protein scaffold from X-ray crystallography supported by computer 
based models, protein engineering can be performed using site-directed (SDM) or site-
saturation mutagenesis (SSM63). Site-saturation mutagenesis allows the substitution of 
specific sites against all 20 possible amino acids at once, while SDM is mostly used if a strong 
impact of one exchange at a specific site is assumed. Analysis of the screened variants 
combined with catalyst complexes leads to insights into structure-function influence of the 
protein surrounding on the metal catalysts performance and selectivity. This allows further 
rational design of the catalyst itself towards predictable enantioenriched products. 
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Although most biohybrid catalysts are still employed in model reactions, recently several 
success stories were reported solving real synthetic challenges, with no alternative routes 
using conventional catalysts by taking advantage of the 2nd coordination sphere of the protein 
surrounding38, 50. 
 
1.2 Ferric hydroxamate uptake protein component A (FhuA) 
 
Ferric hydroxamate uptake protein component A (FhuA) is a monomeric β-barrel protein from 
the outer membrane transport protein family of Escherichia coli (E. coli) with a size of 78.9 
kDa64. FhuA is responsible for the active energy dependent ferrichrome uptake into E. coli 
together with the proteins from the Ton complex (TonB, ExbB, and ExbD) located in the inner 
membrane65-66. With the beginning of phage genetics FhuA has attracted attention since it 
serves as receptor for infection with the phages T1, T5 and Φ8067. The crystal structure was 
solved in free and ferrichrome-bound state as well as with bound lipopolysaccharides68-69. 
FhuA is a transmembrane protein consisting of 714 amino acids folded into 22 antiparallel β-
strands (barrel domain, C-terminal) and a globular cork domain (N-terminal, residues 1-160). 
An elliptical cross section of 39-46 Å and a height of about 69 Å characterize FhuA as the largest 
barrel-based porin of E. coli 70. The transmembrane region formed by the β-strands represents 
more than half of the barrel height and is built of 7-25 amino acids. The hydrogen bond 
interactions of the backbone between the neighboring β-strands provide a remarkable rigid 
channel. The channels membrane associated surface mainly comprises hydrophobic residues 
(Ala, Val, Ile, Leu, Met; ~45 %) and aromatic residues (Phe, Try, Tyr; ~33 %)71 leading to strong 
interactions with the hydrophobic membrane core. While the small amount of charged 
residues located in a belt around the channel interact with the negative charged head groups 
of the phospholipids and lipopolysaccharides and thus ensure anchoring of FhuA in the 
membrane. This allows the incorporation of FhuA in artificial vesicles such as liposomes or 
even polymersomes. It was found that the FhuA channel tolerates extensive genetic 
redesign72-73 (Figure 3) as well as covalent modifications74. Even the complete removal of the 
plugging cork domain was achieved75 turning FhuA into a passive diffusion channel with a large 
inner diameter of about 11 Å. Investigation of the channel dynamics led to the construction 
of tunable release systems76-79. By anchoring bulky compounds to lysine residues at different 
positions within the barrel a conformationally stable position was identified which sterically 
controls the compound flux through the channel80. 
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Figure 3: The FhuA-family: generated FhuA variants by protein engineering based on FhuA Δ1-15976. FhuA “Longy”78 shows 
elongated hydrophobic region. FhuA “widey”72 shows expanded diameter by 2 additional β-strands. FhuA Δ1-159 L/C/S556 
show anchoring sites within the barrel at lysine, cysteine or serine81. 
Investigation of membrane proteins, in particular β-barrel based, remains challenging due to 
low level of membrane expression, lacking of crystal structures and the need of detergent 
stabilization in aqueous solution. However, crystal structures for FhuA are available and 
intensive stability studies revealed a remarkable resistance to organic solvents82 and elevated 
temperatures83. Furthermore its big channel diameter allows incorporation of comparable 
large synthetic compounds. These exceptional properties make an interesting scaffold for 
biohybrid catalysts. In contrast to most reported biohybrid catalysts systems which rely on 
evolved binding pockets in the proteins surrounding to anchor the metal catalyst, FhuA as an 
empty passive diffusion channel allows the de novo design of a metal catalyst adjusted active 
site. 
 
1.3 Circular dichroism 
 
Circular dichroism (CD) is since several decades a powerful method to determine the 
secondary structure of proteins and the conformational influence of cofactor binding84. CD 
utilizes circularly polarized light with rotationally vector oscillation to the left or right resulting 
in a helix pivoting around the propagation direction. The secondary structure determination 
is based on differential absorption of circular polarized light by chiral chromophores such as 
peptide bond (<240 nm), aromatic side chains (260-320 nm) as well as disulfide bonds and 
prosthetic groups. 
In particular the excitation transitions of the non-bonding peptide bond orbitals n to anti-
bonding π-orbitals π* at 220 nm and the π to π* transition at 190 nm is used to analyze the 
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secondary structure of proteins. The energy level of these orbitals depends on their geometry, 
represented by the dihedral angles Φ and Ψ, in the polypeptide backbone (Figure 4). 
 
 
The main structural elements of proteins, α-helix, β-sheet and coiled structures, are 
represented by distinctive CD-spectra (Figure 5). Since proteins contain a mixture of these 
structural elements the spectra show a combination of their respective contributions and thus 
give information about the overall structure of the protein, but no information about certain 
regional structures. Prediction and deconvolution algorithms based on data sets of proteins 
with known structures the amount of the particular structural elements can be calculated 
(CONTIN85, CDSSTR86). 
 
 
Figure 5: CD spectra of pure secondary structures of proteins, modified from 
[http://www.proteinchemist.com/cd/cdspec.html] 
1.4 MALDI-TOF-MS analysis 
 
Figure 4: Dihedral angles (Φ and Ψ) of peptide bonds and excitation transitions of the peptide bond orbitals (n to anti-
bonding π-orbitals π* detected at 220 nm and the π to π* transition detected at 190 nm), modified based on 
[http://www.proteinchemist.com/cd/cdspec.html] 
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Detection of covalent modifications of proteins turns out to be a challenging issue. There are 
several mass spectrometry based methods to investigate covalent post-translational 
modifications, influence of oxidative stress and covalent protein-ligand interactions. Among 
them are tandem mass spectrometry (MS/MS)87, electronic spray ionization time of flight 
mass spectrometry (ESI-TOF-MS) and matrix assisted laser desorption ionization time of flight 
mass spectrometry (MALDI-TOF-MS).  
For the determination of organometallic complexes88-89 and membrane proteins 90-91 
MALDI-TOF-MS has been proven its strengths of showing high throughput, high sensitivity and 
extraordinary measurement accuracy. In particular for protein samples the improved 
tolerance towards several detergents as well as salts and buffers92 is important. A MALDI-TOF-
MS instrumentation setup basically consists of the ion source, the mass analyzer and a 
detector. During sample preparation the analyte is co-crystallized with a matrix compound 
which absorbs the energy from laser pulses desorbing and ionizing the matrix. The matrix 
mixture transfers a proton to the analyte resulting in a charged sample [M+H+]93. By entering 
the time of flight tube the ions are separated depending on their mass-charge (m/z) ratio 
determining their flight time. The MALDI-TOF instrument is equipped with an electric field 
based reflector repelling the ions and thus doubling the ion flight path which leads to an 
increased resolution. The recorded mass spectra sum up the individual spectra of multiple 
laser pulses. 
Sample preparation is commonly done by co-crystallization with matrix by dried droplet 
method on a steel target. The most prominently used matrices are dihydroxy benzoic acid 
(DHB), sinapinic acid (SA) or α-cyanohydroxycinnamic acid (HCCA). HCCA is mostly used for in 
particular hydrophobic peptides sinapinic acid also for proteins and DHB additionally for 
glycoconjugates94. 
However, the investigation of membrane proteins shows several draw backs. Due to a 
prominent hydrophobic core of integral membrane proteins they tend to self-aggregate and 
the co-crystallization of the sample with the matrix is of low quality and thus the ionization 
efficiency very limited. Furthermore the use of detergents or chaotrophic reagents is often 
needed to keep membrane proteins in solution but leads to significant signal suppression.  
By applying chemical or enzymatic digestion of the protein the mentioned challenges could 
be overcome. Widely used chemical digestion agents are hydroxylamine (cleavage of Asn-Gly) 
and bromocyan (cleavage after Met). Although rather unspecific the enzymatic digestion is 
mostly performed with trypsin (cleavage after Lys and Arg) while AspN, GluC and LysC provide 
a more specific cleavage pattern.  
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1.5 Detergents for membrane proteins 
 
A common method for membrane protein extraction is the use of detergents. The amphiphilic 
structure composed of a hydrophilic head group connected to a hydrophobic alkyl chain, gives 
detergents the ability to solubilize hydrophobic molecules such as proteins and membrane 
compounds. The head group grants the molecule certain water solubility whereas the 
hydrophobic chain interacts with the hydrophobic residues shielding them from water and 
lead to protein solubilization. 
The water solubility of free detergent molecules is limited. Up to their critical micelle 
concentration (CMC) detergents exist as monomers in solution. Exceeding this concentration, 
the molecules self-assemble by orientating the hydrophobic chains together. The newly 
formed micelles are soluble structures in equilibrium with the remaining free detergent 
molecules95. The number of detergent molecules forming a micelle is variable and depends 
amongst others on the length of the hydrophobic chain and the size and charge of the head 
group. The longer the chain the higher is the number of molecules per micelle. This 
aggregation number can be determined by e.g. light-scattering96. Their amphiphilic properties 
allow detergents to disassemble membranes and solubilize embedded proteins. The 
solubilization process is a stepwise process consisting mainly of four phases (Figure 6). In the 
first phase the detergent molecules insert non-cooperatively into the membrane. The 
concentration of free unbound detergent is negligible (a). If more detergent is supplemented 
and the unbound detergent concentration reaches a saturation concentration (CSat), more 
molecules insert into the membrane and start to interact. Eventually they break the 
membrane into smaller pieces whereas the points of rupture are covered with detergent (b 
and insets). The pieces are further broken down into soluble fragments (c) when the critical 
solubilization concentration (CSC) is exceeded. In the last phase (d) proteins are almost 
completely separated from the lipids and are located in protein-lipid-detergent mixed 
micelles. 
 
Figure 6: Schematic solubilization process showing the detergent binding in dependence from the amount of supplemented 
free detergent (CSat = saturation concentration of detergent, CSC = critical solubilization concentration, CMC = critical 
micelle concentration)97 
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Detergents are a large group of different molecules. Their classification is based on the nature 
of the hydrophilic head group (Table 2, Figure 7). 
 
Table 2: Properties and classification of commonly used detergents98 for membrane protein extraction (CMC = critical 
micelle concentration) 
Detergent Classification 
Molecular 
weight 
[g/mol] 
CMC 
[mM] 
Aggregation 
number 
Sodium dodecylsulfate 
(SDS) 
Ionic 228.4 8.2 62 
n-octyl-polyoxyethylene 
(oPOE)] 
nonionic 174.3 6.6 - 
n-decyl-β-D-
maltopyranoside (DM) 
nonionic 482.6 1.6 69 
n-dodecyl-β-D-
maltopyranoside (DDM) 
nonionic 511.0 0.18 125 
n-dodecylphosphocholine 
(FC12) 
zwitter ionic 351.5 1.5 54 
 
 
Figure 7: Commonly used detergents for membrane protein extraction 
 
Detergents with charged head groups, as the sulfate group of sodium dodecylsulfate (SDS), 
belong to the ionic detergents. They are known to efficiently solubilize proteins but are mostly 
denaturing99. In contrast to that, nonionic detergents are much milder. Commonly used are 
polyoxyethylene detergents as octyl-polyoxyethylene (oPOE) and also detergents with 
glycosidic head groups as n-dodecyl-β-D-maltoside (DDM)100. The head groups of zwitter-ionic 
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detergents have a positive and a negative charge resulting in a neutral net charge. Their ability 
of protein solubilization can be ranked between ionic and non-ionic detergents. Fos-choline 
12 is a frequently used representative for crystallization studies101.  
 
1.6 Olefin metathesis  
 
C-C-coupling reactions open a wide field of applications in the synthesis of complex organic 
molecules. A few reactions have proven very useful, comprising Diels-Alder cycloaddition, the 
aldol reaction and the Claisen rearrangement. The olefin metathesis (named by Goodyear 
researchers in 1967102) represents one of the most important tools for formation of C-C bonds 
and allows a very atom efficient catalysis under mild conditions103. A very intriguing aspect is 
the possibility to use the same carbene catalysts for several different types of reaction 
depending on reaction conditions and substrate features103-106. The carbene catalysts show 
compatibility for various functional groups and high activity for olefin metathesis reactions. In 
particular the use of metathesis for synthesis of biologically relevant compounds such as 
carotenoids107, peptidomimetics108 and macrocyclic lactams and lactones109 is increasingly 
apparent. Also synthetic challenges as the synthesis of tri- and tetra-substituted olefins110 and 
stereoregular polyolefins111 were addressed. Several olefin reactions have been used in the 
construction of these molecules (Figure 8).  
Olefin metathesis and be roughly divided in 5 types103. By far the most widely used type is the 
ring closing metathesis (RCM)112. In RCM two terminal alkenes generate a cyclic olefin and 
releasing a smaller olefin (ethene). The ring-opening metathesis (ROM) generates an acyclic 
diene from a cyclic olefin driven by ring strain release, which leads to minimal reaction back 
to the cyclic compound113. Cross-metathesis (CM) can be described as the intermolecular 
mutual exchange of alkylidene fragments between two olefins promoted by metal-carbene 
complexes. The three main variations are cross-metathesis , ring-opening cross-metathesis 
(ROCM) and intermolecular enyne metathesis114. For the production of polymers ring-opening 
metathesis polymerization (ROMP) and the acyclic dienmetathesis polymerization (ADMET)112 
are used. Although metathesis reactions are generally reversible reactions, RCM reactions can 
proceed to completion since volatile by-products are removed, shifting the equilibrium to the 
product side.  
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Figure 8: Olefin metathesis reactions. RCM = ring-closing, ROM = ring-opening, CM = cross, ROCM = ring-opening cross, 
ROMP = ring-opening metathesis polymerization, ADMET = acyclic dienmetathesis polymerization 
 
The mechanism of the reaction was proposed by Chauvin in 1971. The assumption is that there 
is no direct exchange of alkylidene between the olefins but a transfer involving a metal 
carbene complex. The key component to olefin metathesis reaction is a transition metal 
species bearing a metal–carbon double bond (I). The catalytic cycle (Figure 9) starts with the 
initiation phase where the active species (II) is generated by [2+2] cycloaddition of a 
coordinated alkene with the metal alkylidene to form a metallacyclobutane. The propagation 
phase involves coordination of the second alkene (III) sequential [2+2]-cycloaddition to 
another metallacyclobutane (IV) and retro-[2+2] steps to generate a new olefin and a new 
metal alkylidene. All reaction steps are fully reversible115-116.  
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Figure 9: Chauvin mechanism exemplarily shown for a cross-metathesis reaction 
 
The first observed olefin metathesis reaction was a ROMP, found independently by Truett 
et al.117 when using catalyst derived from lithium aluminum tetraalkyl and titanium 
tetrachloride (Ziegler-Natta) for norbonene polymerization and Eleuterio118 for molybdenum 
oxide on alumina treated with hydrogen and lithium aluminum hydride for polymerization of 
several cyclic olefins. The reaction resulted in an unsaturated polymer unexpected for an 
addition reaction. In the following several heterogeneous mixed catalysts were used in 
cyclopentane polymerization and propylene disproportionation. The active species were 
generated in situ from transition metal halides and main group metal alkyls (e.g. 
MoCl5/Et3Al119, WCl6/EtOH/Et3Al102, W(CO)6/Al2O3120) often fixed on alumina or silicon dioxide. 
Metathesis found application in organic synthesis after the first well-defined homogeneous 
metal-carbene based catalysts were developed. Several transition metal-carbenes are known 
to catalyze olefin metathesis at which titanium, molybdenum and ruthenium found most 
applications103. The titanium based alkylidenes generated from Tebbe’s reagent121-122 or 
dimethyltitanocene123 showed as first homogenous catalyst activity in ROMP of strained 
olefins. Their low reactivity allowed valuable insights in the olefin metathesis reaction; 
however, their high oxophilicity led to stoichiometric reaction with various functional 
groups103, 124. Presently the most often used olefin metathesis catalysts are the Schrock 
catalyst based on molybdenum (Figure 10, 1)125 the 1st- and 2nd-generation Grubbs catalysts126-
127 (Figure 10, 2 and 3) and chelated catalysts based on the Grubbs-Hoveyda type catalyst 
(Figure 10, 4)128-129. 
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Figure 10: Metal carbenes (alkylidenes) for olefin metathesis. 1 = Schrock catalyst, 2 = Grubbs catalyst 1st generation, 
3 = Grubbs catalyst 2nd generation, 4 = Grubbs-Hoveyda type catalyst 
 
The Schrock-alkylidenes are early transition metals in high oxidation states stabilized by strong 
π-donor ligands. Most of these complexes are coordinately unsaturated (electron count below 
18). The molybdenum-based catalysts are generally more reactive but the tolerance to 
oxygen-containing functional groups is very limited and the sensitivity to moisture and air is 
high130. The development of metathesis alkylidenes based on the middle transition metal 
ruthenium in medium oxidation states, called Grubbs catalysts, partially overcome the 
stability issues and react with alkenes over many functional groups, but are generally less 
active106. The ruthenium complexes have less well-defined structure property relationships, 
making them more challenging to design. Basic structure of the active bis(triphenylphosphine-
dichlororuthenium(II) alkylidenes has remained the same even in the recently prepared highly 
active and selective catalysts. They form a stable 16 electron complex where the active species 
(14 electrons, free coordination site) is generated by the loss of a neutral ligand131. Starting 
from the 1st generation Grubbs-catalyst several optimization steps led to a great diversity of 
available catalysts from modified 1st generation catalysts132, NHC-ligands instead of 
triphenylphosphine 133, chelated NHC-ligands134, bidentate NHCs and bridging aryloxy 
ligands135 up to thiolate-modified Grubbs-Hoveyda catalysts 2nd generation136 and chiral 
Grubbs catalysts. 
Performing organic synthesis in the “green solvent” water emerged simultaneously to the 
development of metathesis catalysts. Water is neither flammable, explosive, mutagenic nor 
carcinogenic. Furthermore water is the preferred solvent of biological scaffolds such as 
proteins137-138. When using metal-carbenes for metathesis reactions in aqueous media the 
stability of ruthenium-based catalysts make them the most promising candidates. Metathesis 
reactions carried out in water can be divided into homogenous and heterogeneous 
approaches139-142, where the former needs the design of water-soluble pre-catalysts. First 
homogeneous examples showed ROMP activity of ruthenium salts (RuCl3(H2O)n)143-144 for 
functionalized oxanorbonenes. Water as solvent exceeded the results of organic ROMP 
showing lower PDI values, faster initiation rates and higher molecular mass of the resulting 
polymer145-146. The active metal carbene species, however, is generated in situ which does not 
allow control of initiation and propagation of the reaction resulting in a non-living 
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polymerization145, 147. These simple catalysts were replaced by well-defined water-soluble 
ruthenium-based carbenes to improve control over the reaction. 
The possibilities to enhance water-solubility of organic compounds comprise the attachment 
of ionic groups to catalyst and/or educts as shown for phosphine ruthenium catalysts with 
ionic tagged phosphine ligands148-149 and tagged benzylidene moieties150. The NHC ruthenium 
catalysts show enhanced stability to moisture and air with higher tolerance to functional 
groups127, 151-153. The stability and coordination features allow modifications on the NHC for 
anchoring to biological scaffolds154. Several reports have shown the functionalization of the 
NHC-ligands with charged ammonium groups155, tagging the benzylidene moiety156-158 as well 
as the exchange of the alkoxyfunction155. These catalysts showed mostly high conversions for 
RCM and CM, while ROMP remained challenging159. Further approaches showed the 
functionalization of ruthenium catalysts with polar polymers on the benzylidene moiety and 
the NHC-ligand160-162, where the NHC-immobilization has the advantage to remain in solution 
during the entire reaction.  
The ring-opening metathesis polymerization (ROMP) is a powerful tool in the preparation of a 
wide range of functionalized polymers including brush and block structures163-165. The reaction 
is a process of constant breaking and reforming of olefin double bonds accompanied with 
simultaneous ring-opening of unsaturated monomers102, 166-167. The main driving force is the 
release of ring strain168 compensating the unfavorable entropy change during a 
polymerization169-171. The accurate control of specific microstructures (tacticities, double-
bond configurations or monomer configuration) is critical for the development of polymers 
with well-defined properties105, 171. Several catalysts based on Re, Os, Mo or W have shown 
ROMP-activity with high cis-content in the resulting polymer172-176. Also recently developed 
ruthenium-based catalysts, structural related to the adamantyl-chelated Grubbs-Hoveyda 
type catalyst (Figure 11), have been shown to yield polymers with high cis content (>95 %) and 
syndiotactic configuration111, 177. The polymerization of norbonene derivatives usually gives 
the thermodynamically favored trans-configuration. Reducing the flexibility by using the 
adamantyl ligand makes the substituents on the olefin in trans-configuration collide with the 
mesityl of the NHC-ligand in the transition state. Hence the energy difference between the 
trans- and cis-configuration is now in favor of cis.  
 
 
Figure 11: Example for a cis-selective ring-opening metathesis polymerization catalyst based on an adamantyl-chelated 
Grubbs-Hoveyda type catalyst 111, 177 
 
Water soluble Grubbs and Grubbs-Hoveyda type catalysts have shown ROMP activity with 
7-oxanorbonene derivatives in aqueous media with preferential trans selectivity148, 162, 178-182, 
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but no reports on preferential cis-selective catalysts published yet. The use of biological 
scaffolds for water-soluble ruthenium catalysts was shown for modified Grubbs-Hoveyda type 
catalysts covalently or supramolecular bound to proteins37, 45-46. These approaches showed 
low activity for RCM in water, but an application to ROMP has not been shown until recently47. 
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1.7 Thesis objectives 
 
The main thesis objective has been the development of a new type of biohybrid catalyst 
composed of an engineered FhuA variant and Grubbs-Hoveyda-type catalyst for ring-opening 
metathesis polymerization.  
A suitable FhuA variant had to be generated and produced for accommodating transition 
metal complexes and analysis of the covalent coupling. An expression and efficient extraction 
procedure had to be established to obtain large amounts of protein in high purity. 
The stability of the generated FhuA variant was investigated regarding pH, temperature and 
organic solvent tolerance to determine the reaction and substrate scope. An efficient coupling 
and purification protocol for the biohybrid catalyst was required as well as analytical 
procedures to detect the covalent anchoring at cysteine. Catalytic performance and selectivity 
of the generated biohybrid catalyst had to be altered towards preference for the cis product. 
The biohybrid catalyst system was supposed to be further advanced by protein engineering to 
gain insights on amino acid substitutions that govern the biohybrid catalysts’ stereoselectivity 
and activity. 
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Chapter 2: A Biohybrid Ring-Opening Metathesis Polymerization Catalyst 
Based on an Engineered Variant of the β-barrel Protein FhuA 
 
2.1 Experimental part Biohybrid catalysts 
2.1.1 Design, cloning, expression, extraction and purification of FhuA variants 
 
Design of the FhuA variant FhuA ΔCVFTEV 
 
The plasmid of the parent membrane protein FhuA was received from Prof. V. Braun183. Based 
on the crystal structures of the FhuA WT68 a cork-domain-deleted FhuA variant, FhuA Δ1-159 
was engineered by N. Madhaven75. Guven et al.74 substituted six lysine residues within the 
channel of FhuA Δ1-159 and identified position 545 which is located on the inside of the β-
barrel domain as a key position to sterically control compound fluxes. Additional molecular 
dynamic simulations confirmed position 545 as the conformational most stable within the set 
of investigated lysines80. Cysteine was introduced at position 545 by site directed mutagenesis 
for specific chemical coupling of the metal complex to the protein matrix. The anchoring site 
C545 has a distance to the upper and lower rim of the channel of 15 or 30 Å, respectively, 
ensuring the coupled catalyst is surrounded by amino acid sidechains.  
 
Cysteine accessibility and catalyst compatibility 
Molecular modeling of biohybrid catalysts was performed using YASARA Structure 
Vers. 13.2.2184 employing force field AMBER03185 for protein residues and GAFF186 using 
AM1/BCC partial charges187 for the Grubbs-Hoveyda type catalyst with maleimide linker 
covalently bound to Cysteine. The X-ray structure of the Grubbs-Hoveyda catalyst 
(CCDC 620588)188-189 was used as starting structure. The metal was replaced by iron, since no 
vdW-parameters are available for ruthenium. To maintain the correct coordination geometry, 
the distance from the metal to all coordinating atoms of the ligand was constrained according 
to the crystallographically determined values. The coordination is represented by force field 
arrows within YASARA. The total charge of the ligand was set to zero. As basis for the 
proteinogenic part of the biohybrid catalyst, the X-ray structure of Ferric hydroxamate uptake 
protein component A (FhuA, pdbID 1by3) was used. The detergent molecules and water 
molecules were removed as well as the cork domain (residues 1-159) and Lys 545 was mutated 
to cysteine. The cell size was 95.59 x 112.03 x 85.99 Å, the protein was embedded in a 
detergent membrane consisting of 238 octyl-polyethylenglycol (n=5) molecules to mimic the 
experimental conditions and stabilize the FhuA channel protein in a membrane like 
environment (Figure 12).  
                                                     
 Design of the FhuA variant FhuA ΔCVFTEV was performed in collaboration with Dr. M. Bocola, Lehrstuhl für 
Biotechnologie, RWTH Aachen 
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Figure 12: Simulation cell of FhuA_Δ1-159_C545 (5 Å around all atoms, pH 7, density of 0.997 g/ml, equilibration 
temperature of 298 K, pressure of 1 bar) in detergent membrane environment (YASARA Vers. 13.2.2) 
The surface exposure of Cys545 located on the inside of the channel was investigated as 
measure for the accessibility of cysteine for linking with the ruthenium catalyst. In the 
FhuA WT variant Lys545 is hydrogen bonded to Asn548. Furthermore residue Glu501 forms a 
salt bridge to Lys545 in the FhuA wild type that is not present in the K545C variant. We 
performed a computational saturation mutagenesis experiment using FoldX190 as 
implemented as plugin191 in YASARA to identify favorable amino acid exchanges. 
The catalyst was placed manually in the cavity with its maleimide moiety adjacent to Cys545 
and defined a bond from CG to the C1 or C2 of maleimide. The constructed biohybrid catalyst 
was solvated in a box of TIP3P192 water molecules using periodic boundaries and Particle Mesh 
Ewald193 electrostatics at pH 7 and a density of 0.997 g/ml. The system containing about 
100000 atoms was equilibrated at a temperature of 298 K and a pressure of 1 bar. Several 
starting structures were analyzed in order to find favorable orientations for covalent 
attachment to reactive maleimide atoms by steepest descent minimization and simulated 
annealing.  
 
Introducing TEV cleavage sites in FhuA 
To face the challenges of detection of covalent modifications at cysteine a Tobacco Etch Virus 
(TEV)-recognition site (ENLYFQ|G) was introduced at the extracellular loops S7 and S8 flanking 
two β-sheets which harbor the cysteine at position 545. To identify the most favorable 
positions the energy of the restriction sites as well as the surface accessibility were calculated 
with YASARA based on the model of FhuA ΔCFVTEV. The incorporation was investigated in two 
alternatives; by insertion or extension of the known sequence. 
 
 
 
                                                     
 Modeling of the FhuA variant FhuA ΔCVFTEV in PE-PEG membranes was performed in collaboration with Dr. M. 
Bocola, Lehrstuhl für Biotechnologie, RWTH Aachen 
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Cloning of FhuA ΔCVFTEV 
 
The biohybrid catalyst optimized variant FhuA ΔCFVTEV was ordered as a synthetic gene 
(GENEART, Regensburg, Germany [Quality Assurance Documentation: 11AAPJKP]) cloned in a 
pMK RQ plasmid showing kanamycin resistance. 
The plasmid pMK-RQ FhuA ΔCVFTEV was transformed into E. coli DH5α for plasmid 
reproduction. After isolation with QIAGEN Plasmid Purification KIT (QIAGEN, Hilden, Germany) 
the plasmid concentration and purity were determined by Nanodrop (Nanodrop 1000 
spectrophotometer, Thermo Scientific, Schwerte, Germany). The FhuA ΔCVFTEV insert was 
restricted from the vector using EcoRI and XhoI restriction enzymes (Table 3) at 37°C for 2 h 
and purified using PCR clean-up (QIAquick PCR Purification Kit, QIAGEN, Hilden, Germany). 
 
Table 3: Restriction protocol for FhuA ΔCVFTEV_pmkRQ and pPR-IBA1 by double digestion to clone FhuA ΔCVFTEV into the 
expression vector pPR-IBA1 using the restriction enzymes EcoRI and XhoI 
Amount Components 
2 µg Plasmid DNA 
1 µl (20 U) EcoRI 
1 µl (20 U) XhoI 
- µl ddH2O 
5 µl 10x NEBuffer 
Total volume: 50 µl. Enzymes were distributed from NEB 
 
To obtain the restricted FhuA ΔCVFTEV fragment a DNA gel electrophoresis was performed in 
a 1 % agarose gel in TAE buffer (Tris-acetate-EDTA, 0.04 M Tris-acetate, 1 mM EDTA, gel red 
1.6 µl (Biotium) for 40 min at 90 V. After separation from the vector the 1803 bp insert of 
FhuA ΔCVFTEV was extracted from the gel (DNA extraction from agarose gel, Macherey Nagel). 
The expression vector pPR-IBA1 (IBA GmbH) was multiplied, isolated, restricted and separated 
in a similar way to the FhuA ΔCVFTEV fragment. Insert and vector were ligated at 15°C overnight 
(Table 4) using T4 ligase (Roche). 
 
Table 4: Ligation of FhuA ΔCVFTEV into expression vector pPR-IBA1 using T4 ligase 
Amount Components 
2.5 µl (20 ng/µl) FhuA ΔCVFTEV 
2.5 µl (20 ng/µl) pPR-IBA1 
1 µl (1 U) T4 ligase 
1 µl 10x T4 ligase buffer 
 
The ligation of the insert into the vector was confirmed by restriction with EcoRI and XhoI. The 
construct was sequenced (MWG Eurofins) using T7 forward and T7 terminal primer and a 
specifically designed primer FhuA_internal_rev to cover the internal region (Table 5). 
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Table 5: Internal sequencing primer for FhuA variants 
Primer Sequence (5’ - 3’) GC-content  Tm  
FhuA_internal_rev CTCGCCACCTTCAACCGAGAAGAAG 56 % 66.3 °C 
 
Figure 13 shows the vector map of pPR-IBA1 FhuA ΔCVFTEV. pPR-IBA1 is an IPTG (isopropyl-β-
D-thiogalactopyranoside) inducible vector with a β-lactamase gene for ampicillin resistance. 
 
Figure 13: Vector map of expression vector pPR-IBA1 (IBA GmbH) with the FhuA ΔCVFTEV insert 
 
Expression in E. coli Omp8 
 
FhuA WT, FhuA Δ1-159, FhuA Δ1-159_Cys545 
The bacterial strains derived from E. coli used for genetic engineering and expression of the 
FhuA variants are shown in Table 6. 
The plasmids pPR-IBA1 FhuA WT, pPR-IBA1 FhuA Δ1-159 and pPR-IBA1 FhuA Δ1-159_Cys545, 
were transformed into E. coli Omp8 cells by heat shock. After overnight incubation on LBA 
plates, 25 ml LBA (LB media supplemented with 1mM ampicillin) were inoculated with single 
colonies. The preculture was grown for 12-16h at 37°C. The main culture in TYA (1 mM 
ampicillin) was inoculated with the preculture (OD600 0.1). After reaching an OD600 of 0.7 -0.8 
samples were taken (SDS gel) and expression was induced by supplementing isopropyl-β-D-
thiogalactopyranoside (IPTG, 1 mM). After reaching the stationary phase (5-6 h) cells were 
harvested by centrifugation (20 min, 4000 rpm/3220 g, 4°C, centrifuge 5810 R, rotor A-4-81, 
Eppendorf) and the stored at -20°C. The expression was confirmed by SDS-PAGE.  
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Table 6: Bacterial strains used for genetic engineering and expression of FhuA variants 
Strain Genotype Source 
E. coli DH5α 
F-Φ80dlacZΔM15 Δ(lacZYA-argF) 
U169 recA1 endA1 hsdR17 (rK-, 
mK+) phoA supE44 λ thi-1 gyrA96 
relA1 
Invitrogen, 
Karlsruhe, Germany 
E. coli BE BL21 (DE3) Omp8 
F- hsdSB (rB-mB-) gal ompT dcm 
(DE3) ΔlamB ompF::Tn5 ΔompA 
ΔompC 
R. Koebnik194 
E. coli BE BL21 Gold (DE3) 
F- dcm+ Hte ompT hsdS (rB-mB-) gal 
λ (DE3) endA Tetr 
Agilent Technologies, 
Santa Clara, USA 
 
FhuA ΔCFVTEV 
The plasmid pPR-IBA1 FhuA ΔCFVTEV was transformed into E. coli Omp8 cells by heat shock. 
After overnight incubation on LBA plates, 25 ml LBA (LB media supplemented with 1mM 
ampicillin) were inoculated with single colonies. After reaching an OD600 of 1.0 glycerol stocks 
were made and stored at -80°C. The preculture in LBA was inoculated from the glycerol stock 
and grown for 12-16 h at 30°C The main culture in TYA (1 mM ampicillin) was inoculated with 
the preculture (OD600 0.15 – 0.2) and grown at 30°C. After reaching an OD600 of 1 – 1.2 samples 
were taken (SDS gel) and expression was induced by supplementing isopropyl-β-D-
thiogalactopyranoside (IPTG, 1 mM). After reaching the stationary phase (14-16 h) cells were 
harvested by centrifugation (20 min, 4000 rpm/3220 g, 4°C, centrifuge 5810 R, rotor A-4-81, 
Eppendorf) and the stored at -20°C. The expression was confirmed by SDS-PAGE. 
 
Large scale production of FhuA ΔCVFTEV was achieved by employing a 10 l bioreactor (NLF16, 
Bioengineering). Preculture was prepared by inoculation from glycerol stocks to LBA media 
(20 ml LBA in 250 ml flask, 20 flasks) and grown for 16-18 h at 30°C with 250 rpm (Infors 
Minitron HT) until the OD600 reached 4-5. Bioreactor was prepared by autoclaving the filled TY 
and acid/base/anti-foam solutions in glass bottles with connected tubes. 10 ml anti-foam 
solution and 10 ml ampicillin (final concentration 1 mM) were supplemented. Main culture 
was inoculated by supplementing the preculture to reach an OD600 of 0.15. The starting pH 
value of the main culture was adjusted to pH 7 with 30 % (w/v) phosphoric acid. Bioreactor 
was run with air supply (15 l/h) with stirring speed of 150 rpm. After reaching an OD600 of 1.1-
1.8 the expression was induced with 10 ml sterile filtered IPTG (final concentration 1 mM). 
Cells were harvested after 4-5h (OD600 3-4) using a FlexStand cross flow (0.2 micron, CFP-2-
E-9A, 8400 cm2, GE Healthcare) and centrifugation (4°C, 4000 rpm/3220 g, for 20 min, 
centrifuge 5810 R, rotor A-4-81, Eppendorf). Expression level was monitored with SDS-PAGE. 
Cell pellets were stored at -20°C until extraction. 
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Extraction of FhuA variants FhuA WT, FhuA Δ1-159, FhuA Δ1-159_C545, and FhuA ΔCVFTEV 
 
Standard membrane solubilization of FhuA WT, FhuA Δ1-159, FhuA Δ1-159_C545 using octyl-
polyoxyethylene (oPOE) 
The extraction of FhuA WT and FhuA Δ1-159 was initially performed by membrane extraction 
with the non-ionic detergent octyl-polyoxyethylene (oPOE) 76. The harvested cells were 
disrupted by French press Emulsi Flex homogenisator (Avestin) using a lysis buffer 
(20 mM NaPi, 2.5 mM MgCl2, 0.1 mM CaCl2, pH 8, 10 µM PMSF (phenylmethane-
sulfonylfluoride)). After cell disruption first extraction step was performed with extraction 
buffer containing additional 2 % (v/v) Triton X-100 to permeabilize the membrane by 
incubation at 37°C with 200 rpm horizontal shaking. To obtain the cell membrane fraction 
containing the membrane proteins, the cell suspension was centrifuged (45 min, 
20000 rpm/29434 g, 4°C, Beckmann Coulter, 70 Ti). Subsequently the pellet was washed 
three times with 5 ml ddH2O to remove residual Triton X-100. The washed pellet was 
resuspended in pre-extraction buffer (20 mM NaPi, 1 mM EDTA, 1 % (v/v) oPOE, 10 µM PMSF, 
pH 7.4) and incubated for 1h at 37°C to remove membrane proteins other than FhuA. 
Solubilized membrane proteins were separated from membrane parts containing FhuA by 
ultra-centrifugation (45 min, 40000 rpm/117734 g, 4°C, Beckmann Coulter, 70 Ti). The 
solubilization of FhuA from the membrane was performed with increased detergent 
concentrations (20 mM NaPi, 1 mM EDTA, 3 % (v/v) oPOE, 10 µM PMSF, pH 7.4) and shaking 
at 37°C for 1h. Solubilized protein was separated from the remaining membrane fraction by 
another ultra-centrifugation step (45 min, 40000 rpm/117734 g, 12°C, BeckmanCoulter, 70Ti).  
 
Investigation of different detergents on the extraction efficiency in membrane solubilization 
of the variants FhuA Δ1-159_Cys545, FhuA ΔCVFTEV 
An optimized extraction procedure based on the standard protocol was investigated within 
the master thesis of A. Whiton 195. For all steps PMSF (phenylmethanesulfonylfluoride) was 
removed from the buffers. Furthermore oPOE was replaced by the detergents 
n-dodecyl-β-D-maltopyranoside (DDM), n-decyl-β-D-maltopyranoside (DM) or 
n-dodecylphosphocholine (FC12). The pre-extraction and solubilization buffer (20 mM NaPi, 
1 mM EDTA) contained various amounts of DDM, DM or FC12 (Table 7). 
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Table 7: Optimization of detergents and their concentration in the respective extraction steps for FhuA Δ1-159_C545 and 
FhuA ΔCVFTEV solubilization, pre-extraction represents the purification of the cell pellet using  
Detergent Extraction step Concentration (w/v) 
n-dodecyl-β-D-
maltopyranoside (DDM) 
Pre-extraction 0.1 % 
Solubilization 
0.5 % 
1.0 % 
1.5 % 
n-decyl-β-D-
maltopyranoside (DM) 
Pre-extraction 0.1 % 
Solubilization 
0.25 % 
0.5 %  
0.75 % 
n-dodecylphosphocholine 
(FC12) 
Pre-extraction 0.1 % 
Solubilization 
0.5 % 
1.0 % 
1.5 % 
 
Investigation of organic solvents on the extraction efficiency in membrane solubilization of 
the variants FhuA Δ1-159_Cys545, FhuA ΔCVFTEV 
Following the standard extraction with 3 % (v/v) oPOE or 1.5 % (w/v) DDM, an additional 
extraction step using aqueous solutions of the organic solvents 2-methyl-tetrahydrofuran 
(2-MeTHF) and cyclopentyl methyl ether (CPME) was performed and compared to a standard 
method based on chloroform/methanol 196-198. FhuA-aggregates were solubilized in urea and 
refolded by dialysis in presence of polyethylene-block-poly(ethylene glycol) (PE-PEG, Mn 
2.250, Sigma-Aldrich)82.  
The pre-extracted pellet from oPOE and DDM extractions were treated with 40 ml aqueous 
solutions of organic solvents in different concentrations (Table 8). The pellet was 
homogenized with ultra sonicator (VCX130, Vibracell) and incubated overnight at 4°C. For 
phase separation the samples were centrifuged (45 min, 4°C, 2000 rpm/1810 g, centrifuge 
5810 R, rotor A-4-81, Eppendorf). The interphase was removed and transferred into a round-
bottom flask. Evaporation for solvent removal was performed at 40°C with 100 mbar 
(RotiEvaporator IKA-RV-10 basic, VWR). The pellet was dissolved in 20 ml buffer (100 mM KPi, 
pH 7.4) containing 4 M urea as chaotrophic reagent. After sonication for 5 min in an 
ultrasonication bath (Sonorex Super RK52H, Bandelin) the emulsion was incubated overnight 
at 4°C. To obtain refolded FhuA the emulsion was centrifuged (5 min, 4°C, 2000 rpm/1810 g, 
centrifuge 5810 R, rotor A-4-81, Eppendorf) and 20 ml of the supernatant were transferred 
into a dialysis membrane (12-14 kDa MWCO, Spectral/POR, Spectrum Laboratories). The 
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solution was dialyzed against refolding buffer (100 mM KPi, pH 7.4, 1 mM EDTA, 0.125 mM PE-
PEG) in 24h-steps with decreasing concentrations of urea (in steps of 2 M, 1 M, 0 M, 0 M). 
Finally the supernatant was centrifuged (15 min, 12°C, 4000 rpm/3320 g, centrifuge 5810 R, 
rotor A-4-81, Eppendorf) 
 
Table 8: Investigation of organic solvents on the extraction efficiency in membrane solubilization of the variants 
FhuA Δ1-159_Cys545, FhuA ΔCVFTEV with chloroform/methanol, CPME and 2-MeTHF 
Detergent Mixture with ddH2O, 
 volume ratio [solvent:water] 
Chloroform/methanol 
1:1:4 
2:1:3 
3:1:4 
Cyclopentyl methyl ether 
(CPME) 
1:2 
2 methyl-tetrahydrofuran 
(2-MeTHF) 
1:1 
 
 
Extraction of FhuA ΔCVFTEV with n-hexane/ethanol and solubilization with sodium dodecyl 
sulfate (SDS) 
To obtain higher mounts of FhuA ΔCVFTEV and improve the purity the standard procedure 
described above was combined with the use of the organic solvents n-hexane and ethanol in 
further steps. 
The harvested cells were disrupted by French press (Emulsi Flex homogenisator, Avestin) using 
a lysis buffer (20 mM NaPi, 2.5 mM MgCl2, 0.1 mM CaCl2, pH 8). After cell disruption first 
extraction step was performed with extraction buffer containing additional 
2 % (v/v) Triton X-100 to permeabilize the membrane by incubation at 37°C with 200 rpm 
horizontal shaking. To separate broken cell membrane containing membrane proteins from 
soluble parts of the cells the cell suspension was centrifuged (45 min, 4°C, 20000 rpm/29434 g, 
BeckmanCoulter, 70Ti). Subsequently the pellet is washed 3 times with ddH2O to remove 
residual Triton X-100. The washed pellet was resuspended in pre-extraction buffer (20 mM 
NaPi, 1 mM EDTA, 0.5 % (w/v) DDM) and incubated for 1h at 37°C to remove membrane 
proteins other than FhuA. Solubilized membrane proteins were separated from membrane 
parts containing FhuA by ultra-centrifugation at (45 min, 4°C, 40000 rpm/117734 g, 
BeckmanCoulter, 70 Ti). 
For the subsequent organic solvent treatment n-hexane, pure ethanol and water were mixed 
(4:3:1). After phase separation 15 ml of the upper phase and 5 ml of the lower phase were 
supplemented to 0.4 g of pellet. The pellet was resuspended and homogenized by 
ultrasonication followed by shaking incubation for 1h at 37°C. The suspension was centrifuged 
(30 min, 15°C, 5000 rpm/4500 g, centrifuge 5810 R, A-4-44, Eppendorf) to remove solubilized 
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membrane lipids. The obtained pellet and interphase was again resuspended in the organic 
solvent mixture and incubated overnight at 37°C. The lipid containing phase was discarded 
and pellet and interphase were resuspended in 5 % (w/v) SDS-solution (pH 7.4) using 
ultrasonication. Suspension was incubated for 1 h at 37°C with 250 rpm shaking and 
subsequently diluted to 1 % (w/v) SDS-concentration (pH 7.4) with ddH2O. After overnight 
incubation at 37°C the supernatant containing solubilized unfolded FhuA was separated by 
centrifugation (30 min, 15°C, 8000 rpm/ 7720 g, BeckmanCoulter, 50.2 Ti).  
A shortened method based on the mentioned procedure utilized the organic solvent 
treatment directly after the extraction step with Triton X-100 and subsequent washing 
followed by SDS-solubilization. 
 
Extraction of FhuA ΔCVFTEV by solubilization with sodium dodecyl sulfate (SDS) 
The extraction procedure was further optimized to save the organic solvent treatment by 
using SDS-solubilization after the pre-extraction steps 47. 
The harvested cells were disrupted by French press (Emulsi Flex homogenisator, Avestin) using 
a lysis buffer (20 mM NaPi, 2.5 mM MgCl2, 0.1 mM CaCl2, pH 8). After cell disruption only the 
first extraction step was performed with extraction buffer containing additional 
2 % (v/v) Triton X-100 to permeabilize the membrane by incubation at 37°C for 1 h with 
200 rpm horizontal shaking. To separate broken cell membrane containing membrane 
proteins from soluble parts of the cells the cell suspension was centrifuged (45 min, 4°C, 
20000 rpm/29434 g, BeckmanCoulter, 50.2 Ti). Subsequently the pellet is washed 3 times with 
ddH2O to removes residual Triton X-100. The washed pellet was resuspended in 0.1 % (w/v) 
SDS-solution (pH 7.4) using ultrasonication. Suspension was incubated overnight at room 
temperature with 1000 rpm shaking followed by centrifugation (15 min, 15°C, 
10000 rpm/10274 g, centrifuge 5810 R, A-4-44, Eppendorf). The supernatant was discarded 
and the pellet solubilized in 1.25 % (w/v) SDS-solution (pH 7.4) followed by overnight shaking 
at room temperature with 1000 rpm. Solubilized unfolded FhuA was separated by 
centrifugation (20 min, 15°C, 20000 rpm/29434 g, BeckmanCoulter, 50.2 Ti). 
 
Protein concentration was determined by bicinchoninic acid assay (BCA-assay, Thermo Fisher 
Scientific). The protein samples were diluted (1:1, 1:5, 1:10) with the respective buffer and 
concentration was determined in micro titer plates (MTP) using TECAN Sunrise MTP reader 
(TECAN Group) with a bovine serum albumin standard dilution (BSA, 2 mg/ml, Thermo Fisher 
Scientific). 
 
 
                                                     
 Concentration of SDS for purity improvement was optimized together with H. Liu, Lehrstuhl für Biotechnologie, 
RWTH Aachen 
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2.1.2 Refolding and stability investigation of FhuA ΔCVFTEV 
 
Optimization of FhuA ΔCVFTEV refolding procedure 
 
The extraction procedure of FhuA employing the denaturing detergent SDS requires a 
subsequent refolding to obtain the barrel structure. According to REFOLD-database the main 
refolding techniques are dialysis (27 %), dilution (40 %), gel filtration (4 %) and on-column 
refolding (5 %)199. 
Based on a dialysis method the refolding buffers (Table 9) and conditions were optimized. The 
refolding procedure was monitored with SDS-PAGE, a BCA assay and circular dichroism 
spectroscopy.  
After the FhuA-extraction with 1.25 % (w/v) SDS the denatured protein solution was placed in 
a dialysis membrane (12 – 14 kDa MWCO, Spectral/POR, Spectrum Laboratories). The 
refolding buffer (phosphate-based, carbonate-based, Tris-based, pH of 7.4 and 8, Table 9) 
contained PE-PEG or DDM as refolding detergent (Table 11) and several refolding additives ( 
 
Table 10). The dialysis was performed in steps of 24 h for at least 2 times at different 
temperatures (4°C, 15°C and 22°C). Samples were taken for analysis every 24 h and 
centrifuged with (20 min, RT, 5.000 rpm/ 4500 g, centrifuge 5810 R, A-4-44, Eppendorf).  
To address questions regarding the stability of FhuA ΔCVFTEV depending on the CMC, the 
detergent concentration was varied to find out minimal needed detergent concentration 
(Table 11). 
 
Table 9: Concentration of refolding buffers used for optimization of the refolding procedure of FhuA ΔCVFTEV 
Buffer Concentration 
Sodium phosphate (NaPi) 
10 mM 
50 mM 
100 mM 
Tris*HCl 
10 mM 
50 mM 
100 mM 
Carbonate 100 mM 
ddH2O - 
 
 
                                                     
 Refolding was performed with J. Kinzel, Lehrstuhl für Biotechnologie, RWTH Aachen 
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Table 10: Concentration of refolding additives used for optimization of the refolding procedure of FhuA ΔCVFTEV 
Additive Concentration 
EDTA 1 mM 
Glycerol 5 % (w/v) 
L-Arginine 5 mM 
 
 
Table 11: Concentration of the refolding detergents DDM (n dodecyl β D-maltopyranoside) and PE-PEG (presence of 
polyethylene-block-poly(ethylene glycol) used for optimization of the refolding procedure of FhuA ΔCVFTEV 
Refolding detergent Concentration 
DDM 1.5 % (w/v) 
PE-PEG 
0.25 mM 
0.125 mM 
0.05 mM 
0.025 mM 
0.0125 mM 
0.00125 mM 
 
Micelle size and CMC were determined with dynamic light scattering (DLS) using ZETASIZER 
Nano ZS (Malvern Instruments) with back scatter optics. The micelle size was measured as 
z-average diameter . This is the mean hydrodynamic diameter and is calculated according to 
the International Standard on dynamic light scattering, ISO13321 200. 
 
Stability of FhuA ΔCVFTEV 
The stability of FhuA ΔCVFTEV towards organic solvents, elevated temperatures and different 
pH values strongly determines the reactivity and substrate scope of the resulting biohybrid 
catalyst. Therefore the stability of FhuA ΔCVFTEV was investigated. 
The extracted FhuA ΔCVFTEV (4 mg/ml) was mixed with the organic solvents (Table 12) or 
respectively with 100 mM sodium phosphate buffer with various pH values (5.0 to 10) and 
incubated for 10 min. The structural integrity was than investigated by circular dichroism (CD) 
with a final protein concentration of 0.4 mg/ml. Baselines were taken with dialysis buffer 
(10 mM NaPi, pH8, 0.125 mM PE-PEG, 1 mM EDTA) supplemented with the respective amount 
of organic solvents. The long-term stability in presence of organic solvents was investigated 
by incubating the extracted FhuA ΔCVFTEV containing organic solvents for 24 h and 48 h at 
15°C. Structural integrity was determined after 24 h and 48 h. 
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Combinatorial denaturing effects of acidic pH in presence of organic solvents were 
investigated using THF (10 %, 20 % (v/v)) and iPrOH (10 %, 20 % (v/v)) at pH 6 with incubation 
time of 10 min. 
 
Table 12: Organic solvent concentrations in MilliQ used for stability investigation of FhuA ΔCVFTEV 
Solvents Concentration (v/v) 
Tetrahydrofuran 
(THF) 
10 % 
20 % 
30 % 
Dimethylsulfoxide 
(DMSO) 
2.5 % 
5 % 
Isopropanol 
20 % 
10% 
Acetone 
5 % 
10 % 
Ethanol 
5 % 
10 % 
Methanol 
2.5 % 
5 % 
Dichloromethane 
(DCM) 
2.5 %* 
Chloroform 
(CHCl3) 
1 %* 
Diethylether 
(Et2O) 
5 % 
10 %* 
Dioxane 
5 % 
7.5 % 
10 % 
* Maximum solubility of the respective solvent in water 
 
Secondary structures were determined with the OLIS CD-Spectrophotometer DSM-17 (OLIS 
Instruments) and the JASCO CD-Spectrophotometer J-1100 (JASCO). 
Samples were measured with the OLIS CD-Spectrophotometer DSM-17 (OLIS Instruments) 
with nitrogen flows of 10 l/min in chamber, monochromator and lamp case (140 W, water-
cooled xenon arc lamp, Hamamatsu). The samples were diluted with the respective buffer to 
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400 µg/ml. 140 µl were prepared in 0.5 mm quartz cuvettes (Suprasil, 106-QS, Hellma) and 
measured in 1 nm steps with a slid with of 1 nm and 2 nm bandwidth at 20 nm/min. Baselines 
were taken in the respective sample buffer. The resulting spectra were measured as average 
of 3 distinct data sets, normalized to 0 millidegrees at 240 nm. 
Samples were measured with the JASCO CD-Spectrophotometer J-1100 (JASCO) with nitrogen 
flows of 4 l/min in lamp case (150 W, air-cooled xenon arc lamp, Hamamatsu). The samples 
were diluted with the respective buffer to 800 µg/ml. 140 µl were prepared in 0.5 mm quartz 
cuvettes (Suprasil, 106-QS, Hellma) and measured in 1 nm steps with a slidwidth of 1 nm and 
1 nm bandwidth at 50 nm/min. Baselines were taken in the respective sample buffer. The 
resulting spectra were measured as average of 5 distinct data sets, normalized to 0 
millidegrees at 240 nm. 
 
2.1.3 Coupling of Grubbs-Hoveyda type catalyst with FhuA ΔCVFTEV 
 
Synthesis of Grubbs-Hoveyda-type catalyst with maleimide linker was performed as described 
in Philippart, Arlt and Gotzen et al.47. 
The Grubbs-Hoveyda-type catalyst was coupled to Cys545 which is in the interior of 
FhuA ΔCVFTEV via reactive linkers attached to a hydroxyl group at the NHC-ligand of Grubbs-
Hoveyda catalyst47. The coupling occurred via nucleophilic attack of the thiol on the maleimide 
function. The coupling parameters were varied to obtain an optimal coupling efficiency; pH 
(7-8), THF concentration (1-20 % (v/v)) and reaction time (12-48 h). The coupling was carried 
out in presence of buffers (sodium phosphate, Tris-HCl) or ddH2O with 1.25 % (w/v) SDS to 
determine the influence of the buffer on the coupling efficiency. Under nitrogen atmosphere 
(oxygen free) the degassed aqueous solution of FhuA ΔCVFTEV was constantly stirred in 
presence of large excess of catalyst. The final coupling conditions were FhuA ΔCVFTEV (4 mg/ml, 
60 µM) in 1.25 % (w/v) SDS solution in ddH2O (pH 7, 10 % (v/v) THF). 
After incubation for 12 h the solvent was evaporated with a vacuum pump and the remaining 
solid was washed 4 times with degassed THF (in a 1:1 volume ratio of the liquid sample) and 
filtered through a ceramic filter to remove unbound catalyst. The flow through was 
investigated with high performance liquid chromatography (HPLC) to determine the amount 
of unbounded catalyst. The obtained biohybrid catalyst in solid state was dissolved in 
degassed 1.25 % (w/v) SDS solution and dialyzed against degassed refolding buffer. Partially 
precipitated biohybrid catalyst was removed by centrifugation (10 min, 5.000 rpm/ 4500 g, 
centrifuge 5810 R, A-4-44, Eppendorf, 15°C). To ensure specific coupling of the maleimide 
function to the cysteine the described procedure was also carried out with Grubbs-Hoveyda 
catalyst as pure alcohol lacking the linking structure as negative control.  This should not be 
able to bind to FhuA ΔCVFTEV. 
                                                     
 Coupling of Grubbs-Hoveyda type catalyst to FhuA was performed with D. F. Sauer and S. Gotzen, Institut für 
Anorganische Chemie, Prof. J. Okuda, RWTH Aachen 
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2.1.4 Analytics for covalent binding of catalysts to FhuA 
 
MALDI-TOF-MS analysis 
The enzymatic digestion of FhuA Δ1-159_C545 for MALDI-TOF-MS was performed with trypsin 
(25°C, NEB), AspN (37°C, NEB) and GluC (25°C, NEB) (Table 13) for 24 h.  
 
Table 13: Conditions for enzymatic digestion of FhuA Δ1-159_C545 for MALDI-TOF-MS 
 Component Volume 
AspN 
2X AspN reaction buffer, 25 U/mg 
(50 mM Tris-HCl, pH 8, 2.5 mM ZnSO4) 
50 µl 
FhuA Δ1-159_C545 
(10 mM NaPi, pH 8, 0.125 mM PE-PEG) 
50 µl 
GluC 
10X GluC reaction buffer, 38.3 U/mg 
(50 mM Tris-HCl, pH 8, 0.5 mM Glu-Glu) 
10 µl 
FhuA Δ1-159_C545 
(10 mM NaPi, pH 8, 0.125 mM PE-PEG) 
90 µl 
Trypsin 
2X AspN reaction buffer, 2.1 U/mg 
(50 mM Tris-HCl, pH 8, 20 mM CaCl2) 
50 µl 
FhuA Δ1-159_C545 
(10 mM NaPi, pH 8, 0.125 mM PE-PEG) 
50 µl 
 
The tobacco etch virus (TEV) protease recognizes the sequence motif ENLYFQ|G201-202, which 
was incorporated into the extracellular loops 7 and 8 of FhuA ΔCVFTEV resulting in peptide 
fragments of 5.902 kDa, 40.3 kDa and 17.5 kDa (Figure 14, Figure 15)47. 
 
 
Figure 14: Tobacco etch virus (TEV) protease recognition motif in FhuA ΔCVFTEV 
44 
 
Figure 15: Fragment obtained by digestion of FhuA ΔCVFTEV with tobacco etch virus (TEV) protease carrying Cys545 [adapted 
from 203] 
 
The enzymatic digestion was performed at room temperature for 24 h (Table 14). Cleavage 
result was determined by SDS-PAGE and the cleave mixture was investigated by 
MALDI-TOF-MS (Ultraflex III, Bruker). ZipTip mini-column purification (ZipTip C18, Millipore, 
eluted using 3 µl 50 % (v/v) acetonitrile + 0.1 % (v/v) TFA) was performed to reduce the amount 
of salt and detergent. The samples (1µl) were co-crystallized with 1 µl of a saturated solution 
of DHB (with 10 % (v/v) acetonitrile and 0.1 % (v/v) trifluoroacetic acid) on a MTP 384 ground 
steel plate as target. Spectra were obtained with the linear positive method LP_Prot_Mix 
(LP = linear positive) with a detection range from 3,000-20,000 Da. FhuA ΔCVFTEV coupled to 
Grubbs-Hoveyda and dialyzed against refolding buffer (10 mM sodium phosphate buffer, pH8, 
0.12 mM PE-PEG, 1 mM EDTA) was used to determine coupling. As negative controls dialyzed 
FhuA ΔCVFTEV samples were used in digested and undigested state. 
 
Table 14: Enzymatic digestion of FhuA ΔCVFTEV with TEV-protease for MALDI-TOF-MS 
Components Volume 
Dithiothreitol (DTT, 0.1 M) 3 µl 
20x TEV-Buffer 
(1 M Tris-HCl, pH 8.0, 10 mM EDTA) 
7 µl* 
TEV-Protease 
(1.3 U/ml) 
20 µl 
FhuA ΔCVFTEV 
(60 µM, 10 mM NaPi, pH 8, 0.12 mM PE-PEG, 1 mM EDTA) 
90 µl 
* TEV-buffer was used in slightly higher concentration to ensure suitable cleavage conditions 
 
 
 
Cysteine titration 
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Besides MALDI-TOF-MS, cysteine titration was used to detect the covalent modifications of 
cysteine in FhuA Δ1-159_C545 and FhuA ΔCVFTEV because it enhances the sample throughput 
and allows the estimation of coupling efficiencies. The titration of cysteine with fluorescent 
dyes allows a quick and comparable matrix independent determination of the amount of free 
and modified cysteine in detergent containing FhuA samples. Two fluorescent dyes equipped 
with a maleimide function for covalent coupling to cysteine resulting in a florescent labeling 
of FhuA were used, Fluoresceine-5-maleimide and MMBC (ThioGlo1)47.  
The chromene derivative MMBC (Methyl-10-(2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)-9-
methoxy-3-oxo-3H-benzo[f]chromene-2-carboxylate; Barry & Associates) is susceptible to 
conjugate to free thiol groups under neutral conditions. This converts MMBC (not fluorescent) 
into a highly fluorescent adduct (λex= 379 nm, λem=513 nm) (Figure 16). 
 
 
Figure 16: Reaction scheme of MMBC (ThioGlo1) with free thiols 
MMBC was dissolved in acetonitrile to obtain a 1.5 mM stock solution and stored in the dark 
at -20°C. MMBC was mixed with FhuA or catalyst-coupled FhuA in phosphate buffer (10 mM 
NaPi, pH7.4, 1 mM EDTA) according to Table 15 to obtain a final concentration of 30 µM. FhuA 
samples were diluted with buffer to reach a maximum concentration of 10 µM.  
 
Table 15: Titration of free cysteine of FhuA ΔCVFTEV and FhuA Δ1-159_C545 using MMBC (ThioGlo1) 
Components Volume 
MMBC 
(1.5 mM in AcN) 
2 µl 
FhuA Δ1-159_C545, FhuA ΔCVFTeV 
(10 µM in 10 mM NaPi, pH 7, 1 mM EDTA) 
98 µl 
 
Components listed in Table 15 were pipetted into 96-well microtiterplate (Greiner, flat, black) 
and incubated in the dark at room temperature for 1 h. Fluorescence was measured with 
microtiterplate reader (TECAN Infinite M1000 Pro, TECAN Group) with λex= 379 nm and 
λem= 513 nm. Negative controls were prepared by using the respective buffer, while cysteine-
HCl (10 µM) was used as positive control. Influence of detergent on the fluorescence signal 
intensity was determined by supplementation of 0.125 mM PE-PEG or 3 % (v/v) oPOE. 
 
A structural related sterically less demanding fluorescent dye based on fluorescein, equipped 
with a maleimide function, Fluoresceine-5-maleimide (Fisher Thermo Scientific), was used. 
Fluorescein-5-maleimide is able to conjugate to free thiol under neutral conditions. The 
resulting fluorescence is measured at λex= 493 nm and λem= 515 nm (Figure 17). 
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Figure 17: Fluorescein-5-maleimide 
 
Fluorescein-5-maleimide (F5M, THERMO Scientific) was dissolved in DMSO to obtain a 2 mM 
stock solution and stored in the dark at -20°C. F5M was mixed with FhuA or catalyst-coupled 
FhuA in phosphate buffer (10 mM NaPi, pH7, 1 mM EDTA) according to Table 15 to obtain a 
final concentration of 400 µM. FhuA samples were diluted with buffer to reach a maximum 
concentration of 20 µM.  
 
Table 16: Titration of free cysteine of FhuA using Fluorescein-5-maleimide 
Components Volume 
Fluorescein-5-maleimide 
(2 mM in DMSO) 
20 µl 
FhuA Δ1-159_C545, FhuA ΔCVFTEV 
(20 µM in 10 mM NaPi, pH 7, 1 mM EDTA) 
80 µl 
 
Components were pipetted into 96-well MTP (flat-black, Greiner) and incubated in the dark at 
room temperature for 2 h. Fluorescence was measured with microtiterplate reader (TECAN 
Infinite M1000 Pro, TECAN Group). Samples only containing the respective buffer were used 
as negative control, while cysteine-HCl (20 µM) was used as positive control. Influence of 
detergent on the fluorescence signal intensity was determined by supplementation of 
0.125 mM PE-PEG or 3 % (v/v) oPOE. 
 
UV-visible spectroscopy 
 
The UV-visible spectra of FhuA ΔCVFTEV coupled to Grubbs-Hoveyda were recorded in 
microtiterplates (1.2 % (w/v) SDS and 10 % (v/v) THF, 25°C) on a microtiterplate reader (TECAN 
Infinite M1000 Pro, TECAN Group)47. Protein concentration and free Grubbs-Hoveyda catalyst 
concentration were adjusted to 125 µM.  
2.1.5 Determining catalytic activity of the constructed biohybrid catalysts based 
on FhuA ΔCVFTEV 
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Ring-opening metathesis polymerization (ROMP) 
Ring-opening metathesis polymerization procedure for 2,3-bis(methoxymethyl)-7-
oxabicyclo[2.2.1]hept-5-ene (Figure 18) was carried out in aqueous SDS media or phosphate 
buffer containing aqueous solutions (Table 17)47. The lyophilized ruthenium based biohybrid 
catalyst was dissolved in degassed water containing sodium dodecyl sulfate (1 % (w/v), 1 ml, 
0.1 mM). Dry and degassed THF was slowly supplemented via syringe. The substrate (18 mg, 
15 µL, 0.1 M) was supplemented dropwise by microsyringe over a period of 10 min. After 
stirring at 25°C the solvent was removed in vacuo and the polymer dissolved in CD2Cl2. For the 
ring-opening metathesis polymerization procedure for 2,3-bis(methoxymethyl)-7-
oxabicyclo[2.2.1]hept-5-ene in  phosphate buffer media 1ml of oxygen free and folded GH-
FhuA ΔCVFTEV in phosphate buffer (10 mM NaPi, 0.125 mM PE-PEG, 1 mM EDTA) was slowly 
mixed with degassed THF via syringe. The substrate (18 mg, 15 µl, 0.1 M) was supplemented 
dropwise by microsyringe over a period of 10 min. After stirring at 25°C the solvent was 
removed in vacuo and the polymer was taken up in CD2Cl2.  
 
 
Figure 18: Ring-opening metathesis polymerization of 2,3-bis(methoxymethyl)-7-oxabicyclo[2.2.1]hept-5-ene by Grubbs-
Hoveyda catalyst 
 
The conversion of the polymer including the ratio of trans and cis was determined by 1H-NMR 
spectroscopy based on the integration of each signal, reported by Feast and Harrision204.  
 
 
 
 
 
 
 
 
Table 17: Conditions for ring-opening metathesis polymerization (ROMP) catalyzed by the Grubbs-Hoveyda-FhuA ΔCVFTEV 
biohybrid catalyst 
Parameter Condition 
pH 
7.4 
5.8 
                                                     
 Ring-opening metathesis polymerization was performed with D. F . Sauer and S. Gotzen, Institut für 
Anorganische Chemie, Prof. J. Okuda, RWTH Aachen 
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4.0 
Cosolvent (THF) 
2 % 
10 % 
Reaction time 
44 h 
68 h 
92 h 
Temperature 25°C 
SDS 1 % (w/v) 
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2.2 Results and discussion 
2.2.1 Design, cloning, expression, extraction and purification of FhuA variants 
 
Design of the FhuA variant FhuA ΔCVFTEV 
 
The FhuA variant FhuA Δ1-159_C545 was used as starting point for the development of 
biohybrid catalysts. Major questions to address were the conformational stability of Cys545, 
the accessibility of cysteine for solvents and reagents and the possibility to proof a covalent 
anchoring at the free thiol of cysteine. The conformational stability was shown in an extensive 
investigation by Güven et al80. The conformational search47 by simulated annealing and 
molecular dynamics simulations in YASARA showed that in the FhuA Δ1-159_Cys545 variant 
Cys545 is hydrogen bonded to Asn548. The orientation of Asn548 towards cysteine leads to a 
partial shielding since the cysteine side chain is much shorter than the original lysine at this 
position (Figure 19a). The FoldX190 analysis (as implemented plugin191 in YASARA) showed that 
the best predicted amino acid substitution was valine (Table 18), which has a comparable size 
to asparagine, but is oriented away from C545. The determination of surface exposure showed 
a more accessible Cys545 environment (Figure 19b). 
 
Figure 19: Surrounding of cysteine at position 545 in A) FhuA Δ1-159_C545, B) FhuA ΔCVFTEV predicted with YASARA 13.2.2 
and the FoldX plugin. Figure was prepared with PyMol 1.3 [adapted from 203] 
Furthermore residue Glu501 was identified as a potential complexation site for the ruthenium 
catalyst that would lead to inactivation. In FhuA Δ1-159 the negatively charged Glu501 forms 
a salt bridge to Lys545, which is not present in the FhuA Δ1-159_C545 variant and therefore 
tends to find charge balancing. For the substitution of Glu501 a full biohybrid model was 
constructed by linking the catalyst-maleimide complex covalently to C545 in the framework 
of the general amber force field186 within Yasara. The most favorable binding modes are 
shown in Figure 20. The FoldX analysis at position 501 (Table 19) predicted phenylalanine as 
the preferred amino acid substitution, and the structural model of the biohybrid catalyst 
variant Glu501Phe suggested beneficial interactions with the aromatic ligands of the 
ruthenium and rhodium catalysts. The designed FhuA ΔCVFTEV variant for biohybrid catalyst 
synthesis therefore includes the additional substitutions Asn548Val and Glu501Phe.  
                                                     
 in collaboration with Dr. M. Bocola, Lehrstuhl für Biotechnologie, RWTH Aachen 
A B 
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Figure 20: A) Grubbs-Hoveyda coupled to cysteine in FhuA_C545 B) Grubbs-Hoveyda coupled to FhuA ΔCVFTEV predicted by 
YASARA 13.2.2 and the FoldX plugin 
 
Table 18: Stabilization energy calculated by FoldX for 
residue exchange at position 548 of GH-FhuA ΔCVFTEV 
Mutation 
Stabilization energy 
ΔΔG[kcal/mol] 
Phe -1.78 
Leu -1.74 
Tyr -1.57 
Met -1.42 
Val -1.40 
Lys -1.24 
Ile -1.22 
Trp -0.96 
Arg -0.87 
Ala -0.76 
Cys -0.59 
Gln -0.49 
Glu -0.48 
His -0.39 
Ser -0.13 
Gly 0.05 
Thr 0.29 
Asp 0.51 
Table 19: Stabilization energy calculated by FoldX for 
residue exchange at position 501 of GH-FhuA ΔCVFTEV 
Mutation 
Stabilization energy 
ΔΔG [kcal/mol] 
Phe -0.17 
Ile -0.17 
Lys -0.1 
Met -0.09 
Asn -0.06 
Arg -0.03 
Tyr 0 
Asp 0.06 
His 0.12 
Cys 0.15 
Thr 0.19 
Val 0.21 
Ser 0.25 
Leu 0.25 
Ala 0.34 
Gly 0.53 
Gln 0.54 
Trp 0.74 
 
For the detection of covalent modifications of proteins several mass spectrometry based 
methods are established to investigate covalent post-translational modifications, influence of 
Glu501 
Cys545 
Cys545 
Phe501 
A B 
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oxidative stress and covalent protein-ligand interactions87. The matrix assisted laser 
desorption ionization time of flight mass spectrometry (MALDI-TOF-MS) has been proven its 
strengths of showing high throughput, high sensitivity and measurement accuracy. In 
particular for protein samples the improved tolerance towards several detergents as well as 
salts and buffers92 is important. However, membrane proteins like FhuA show the tendency 
to self-aggregate due to a prominent hydrophobic exterior surface. Thus the co-crystallization 
of the sample with the matrix is of low quality and the ionization efficiency very limited. 
Furthermore the use of detergents (DDM, oPOE, PE-PEG) is needed to keep FhuA in aqueous 
solution but leads to significant signal suppression.  
Applying an enzymatic digestion using trypsin, AspN, GluC and LysC allows investigating rather 
unspecific smaller fragments of FhuA, but cleaving efficiency in particular regarding the 
hydrophobic regions is very limited. For the use of the tobacco etch virus (TEV) protease 
recognizing the sequence motif ENLYFQ|G201-202 possible suitable positions within the 
extracellular loops were identified by molecular modelling using YASARA47. The loops 7 and 8 
were used as theoretical cleavage sites flanking two β-strands which harbor the cysteine at 
position 545 to overcome efficiency issues due to low accessibility of cleavage sites in the 
hydrophobic region.  
Two ways to endow FhuA with TEV-restriction sites were investigated. By insertion of the 
sequence motif into the FhuA sequence the already existing amino acids (loop7: Asp509, 
Gly510; loop8: Glu561, Gly562, Ser563, Phe564) were substituted leading to a shorter less 
flexible loop. By extension incorporation the loops were elongated with the whole sequence 
motif regardless consensuses with the FhuA sequence which leads to longer more flexible 
loops. The optimal incorporation method was chosen by calculating the energy contribution 
of the additional amino acids and their respective accessible surface area using YASARA (Table 
20, Table 21). 
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Table 20: Calculated stabilization energies of extension or 
insertion of ENLYFQ|G motif into the FhuA sequence 
 Loop 7 Loop 8 
Extension -1079 kJ/mol -1153 kJ/mol 
Insertion -1042 kJ/mol -1043 kJ/mol 
 
Table 21: Calculated surface accessibilities of extension or 
insertion of ENLYFQ|G motif into the FhuA sequence 
 Loop 7 Loop 8 
Extension 930 Å2 893 Å2 
Insertion 986 Å2 1036 Å2 
 
The stabilization energies were in both loops more favorable for the extension, while the surface 
area showed a higher accessibility for the insertion method. Better stabilization energies usually 
correlate with accurate folding of the proteins and thus stable expression. For an enzymatic 
cleavage of FhuA at the extracellular loops a higher accessibility of the motif residues for the 
protease could lead to higher cleavage efficiency. Due to controvert results the higher 
stabilization of the loop extension was preferred since both options showed good accessibility 
≥900Å2.  
So the sequence motif ENLYF|Q was incorporated via extension into the extracellular loops 7 and 
8 of FhuA ΔCVFTEV resulting in theoretical peptide fragments of 5.902 kDa, 40.3 kDa and 17.5 kDa 
in size (Figure 21) for a complete digestion. 
 
 
Figure 21: FhuA ΔCVFTEV with extended loops 7 and 8 harboring the recognition site for TEV-protease. Figure was prepared 
using YASARA Vers. 13.2.2. 
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Cloning of FhuA ΔCVFTEV into pPR-IBA1 
 
FhuA ΔCFVTEV was ordered as a synthetic gene (GENEART, Regensburg, Germany [Quality 
Assurance Documentation: 11AAPJKP]) cloned in a pMK RQ plasmid with kanamycin resistance. 
For expression of FhuA ΔCFVTEV the fragment was successfully restricted from pMK-RQ using 
EcoRI and XhoI and extracted from a 1 % DNA agarose gel. The extracted FhuA ΔCFVTEV fragment 
was ligated into a restricted pPR-IBA1 vector (EcoRI, XhoI) using T4-ligase. The plasmid was 
transformed into E. coli DH5α using heat shock. One colony was picked and grown overnight in 
LB-Amp media at 37°C. After plasmid isolation from the culture the successful ligation was 
confirmed by restriction of the pPR-IBA1 FhuA ΔCVFTEV vector (Figure 22)81. 
 
Figure 22: Agarose gel electrophoresis (1 % Agarose, 90 V, 50 W, 40 min, RotiSafe staining) of FhuA ΔCVFTEV (1818 bp)-pPR-
IBA1 (2839 bp). M = marker (GeneRuler 1kB, Fermentas, Germany), 1 = pPR-IBA1-FhuA ΔCVFTEV (100 ng) double digested with 
EcoRI and XhoI 
The plasmid was sequenced by MWG Eurofins using T7, T7 terminator and a designed internal 
primer (see Table 5). 
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Expression of FhuA variants 
 
Expression of FhuA WT, FhuA Δ1-159 and FhuA Δ1-159_Cys545 
The FhuA variants (FhuA_WT, FhuA 1-159, FhuA 1-159_Cys545) were expressed using the 
E. coli BE BL21 (DE3) Omp8 expression host with TY-Amp as media. After a fresh transformation 
by heat shock a LB-Amp preculture was inoculated with one clone of the respective variant and 
incubated overnight at 37°C. The main culture was inoculated with preculture to obtain a start 
OD600 of 0.1. After reaching OD600 of 0.6-0.9 the culture was induced with 1 mM IPTG. Cells were 
harvested after another 6h cultivation at 37°C81.  
The expression of these variants was very reliable. Inoculation with freshly transformed cells as 
well as for inoculation from glycerol stocks giving reproducible expression. 
 
Expression of FhuA ΔCVFTEV 
The FhuA ΔCVFTEV variant was expressed using the E. coli BE BL21 (DE3) Omp8 expression host 
with TY-Amp as media47. After transformation by heat shock a 5 ml LB-Amp culture was 
inoculated with one clone of the respective variant and incubated overnight at 37°C. This 
overnight culture was used to prepare glycerol stocks. The preculture in LB-Amp was inoculated 
from the glycerol stocks and cultivated overnightThe main culture was inoculated with preculture 
to obtain a starting OD600 of at least 0.2. After reaching OD600 of 1.0-1.2 the culture was induced 
with 1 mM IPTG. Cells were harvested after overnight incubation at 30°C by centrifugation and 
expression checked by SDS-PAGE. Table 22 shows a characteristic cultivation scheme for a 
successful expression (Figure 23). 
 
Table 22: Cell density during cultivation of FhuA ΔCVFTEV in shaking flasks with TY-Amp 
Cultivation time OD600 
0 h 0.15 
2 h 0.30 
4 h 
0.80 
Induction 
20 h 4.50 
24 h 4.50 
 
Chapter 2: Results and Discussion 
 
55 
 
Figure 23: SDS-PAGE (10% gel, 18 mA, 50 W, 1 h, 5 µl sample) of expressed FhuA ΔCVFTEV in shaking flasks, M = marker 
(Fermentas pre-stained protein ladder), BI = before induction, AI = 20 h after induction with IPTG, H = cell harvest after 24 h 
(merged) 
The expression of FhuA ΔCVFTEV was more challenging than the prior mentioned FhuA variants 
(FhuA_WT, FhuA 1-159, FhuA 1-159_Cys545) with less mutations. Expression from freshly 
transformed cells was hard to achieve while expression starting from glycerol stocks led to a 
reliable expression at 30°C. The expression at 37°C was not useful due to aggregation of 
precultures or main cultures. The cultures grow to a similar density for all mentioned variants. 
Big scale production was achieved by employing a 10 l bioreactor (NLF16, Bioengineering) . A 
characteristic cultivation scheme with the respective parameters is shown in Figure 24 and Table 
23. Expression check by SDS-PAGE is shown in Figure 25 
 
Table 23: Cell density during cultivation of FhuA ΔCVFTEV in Bioreactor NLF16 (Bioengineering) in TY-Amp 
Cultivation time OD600 
0 h 0.17 
1.5 h 0.48 
3.0 h 
1.40 
Induction 
4.5 h 2.39 
5.0 h 2.71 
5.5 h 2.80 
6.0 h 3.17 
6.5 h 3.29 
7.0 h 3.52 
7.5 h 3.75 
8.0 h 3.78 
                                                     
 Big scale production was performed with J. Kinzel, Lehrstuhl für Biotechnologie, RWTH Aachen 
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Figure 24: Expression parameters (pH, OD600, oxygen saturation during cultivation of FhuA ΔCVFTEV in Bioreactor NLF16 
(Bioengineering) in TY-Amp 
 
The starting pH value of the medium was set to 7 prior to supplementing the preculture. During 
cultivation no pH adjustment was performed. The increase of pH after induction correlates with 
the expression level and the cell density of E. coli in the medium.  
 
 
Figure 25: SDS-PAGE (10% gel, 18 mA, 50 W, 1 h, 5 µl sample) of expressed FhuA ΔCVFTEV in the Bioreactor NLF17 
(Bioengineering), SDS-PAGE (10% gel, 18 mA, 50 W, 1 h, 5 µl sample), M = marker (Fermentas pre-stained protein ladder) 
 
The bioreactor production of FhuA ΔCVFTEV gave reliable cell wet weight of about 32 g 
(corresponds to about 2.5 g of extracted FhuA ΔCVFTEV). This represents about 15-20 shaking 
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flasks expressions. Since the handling of this amount of flasks does not allow a detailed control 
of cultivation parameters and also no monitoring like in the bioreactor, the big scale production 
of FhuA ΔCVFTEV using the Bioreactor is the superior expression method, despite the lower cell 
density. 
 
Membrane extraction of FhuA WT, FhuA Δ1-159, FhuA Δ1-159_Cys545 with non-denaturing 
detergents 
 
The aim of this extraction procedure is to obtain high amounts of FhuA in its native folding state 
with decreased amount of impurities. Hence mild detergents were selected mimicking the 
biological lipid bilayer and stabilize FhuA in its native folding state. 
The amount and purity of extracted FhuA using 3 % (v/v) of the non-denaturing detergent oPOE 
was determined by BCA-Assay, SDS-PAGE and ImageJ-analysis. The standard extraction showed 
low extraction efficiency for the FhuA variants FhuA_WT (Figure 26), FhuA_Δ1-159 (Figure 27) 
and FhuA Δ1-159_Cys545 (Figure 28). The amount of extracted FhuA and the respective purities 
are shown in Table 24. 
 
 
 
Figure 26: SDS-PAGE (10% gel, 18 mA, 50 W, 1 h, 5 µl sample) of extracted FhuA WT with 3 % (v/v) oPOE, M = marker 
(Fermentas), S = solubilized FhuA in 3 % (v/v) oPOE, P = remaining pellet 
 
 
 
Figure 27: SDS-PAGE (10% gel, 18 mA, 50 W, 1 h, 5 µl sample) of extracted FhuA 1-159 with 3 % (v/v) oPOE, M = marker 
(Fermentas), S = solubilized FhuA in 3 % (v/v) oPOE, P = remaining pellet (merged) 
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Figure 28: SDS-PAGE (10% gel, 18 mA, 50 W, 1 h, 5 µl sample) of extracted FhuA 1-159_C545 with 3 % (v/v) oPOE, M = marker 
(Fermentas), S = solubilized FhuA in 3 % (v/v) oPOE, P = remaining pellet (merged) 
 
Table 24: Protein amount and purity achieved by standard extraction of the FhuA variants: FhuA WT, FhuA Δ1-159, 
FhuA Δ1-159_C545 
FhuA variant 
Protein 
concentration  
Purity* 
FhuA WT ~700 µg/ml ~70 % 
FhuA Δ1-159 ~500 µg/ml ~80 % 
FhuA Δ1-159_C545 ~500 µg/ml ~80 % 
* Purity of FhuA was estimated using ImageJ analysis of the SDS-PAGE 
 
The standard extraction relies on the solubilization of FhuA from the membrane in its native 
folding state within lipid-detergent-protein mixed micelles. For the different FhuA variants (Table 
24) the extracted amount (about 10 µM) and purity (about 75%) were comparable.  
The most important parameters for membrane extraction are size, concentration and denaturing 
properties of the used detergent205. Hence, the extraction of FhuA variants was performed with 
commonly used nonionic non-denaturing detergents with lengths of the hydrophobic chain of 8 
(oPOE), 10 (DM) and 12 (DDM, FC12). 
Extraction of pre-extracted (0.1 % (v/v) oPOE) pellets with the selected detergents was varied 
regarding detergent concentration (Figure 29) and extraction temperature. The chosen 
detergent concentrations were all well above the CMC due to several reports showing a 
stabilization of β-barrel membrane proteins such as OmpA206 in their native folding state only 
into detergent micelles. 
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Figure 29: SDS-PAGE (10 % gel, 18 mA, 50 W, 1 h, 5 µl sample) of standard extraction of FhuA 1-159_C545 with different 
detergents (oPOE, DM, DDM, FC12) in various concentrations in [% (w/v)]195 
 
The size of micelles of detergents strongly depends on the length of the hydrophobic chain and 
the character of the polar head group. oPOE has the shortest chain length among the selected 
detergents and a nonionic polyoxyethylene head group, thus it tends to form micelles much 
smaller than the maltosides DM and DDM or even FC12207. The ability of DM, DDM, and FC12 to 
solubilize membrane proteins increases but also leads to less specificity. However, this is not 
necessarily determining the stability of FhuA in the respective detergents as well. 
Despite the difference in size and quaternary structure of FhuA and OmpA the hydrophobic chain 
length had only slight influence on extraction and folding behavior of FhuA congruent to the 
reports for OmpA206. Compared to oPOE, the detergents with longer hydrophobic chains (DM, 
DDM, FC12) forming bigger micelles generally showed higher extraction efficiency, but also 
higher amount of impurities. The ratio of FhuA to extracted purities was increased when using 
DDM in 1.5 % (w/v). Hence, for further extraction studies regarding temperature and membrane 
decomposition using organic solvents, oPOE was substituted with DDM. 
 
The membrane fluidity and thus affinity to embedded membrane proteins is dependent from the 
temperature and the membrane composition208. Extraction temperature was elevated to 55°C to 
increase fluidity and facilitate detergent protein and detergent lipid interactions, but opposed to 
Stauffer et al.209 the extracted protein amount and purity were decreased (250 µg/ml, 50 %, data 
shown in detail in A. Whiton195). This finding supports the assumption, that FhuA is mainly 
expressed into inclusion bodies. 
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Membrane extraction of FhuA ΔCVFTEV with non-denaturing detergents 
 
Applying the optimized DDM concentration on the new FhuA ΔCVFTEV variant did not show 
significant amounts of extracted FhuA just as little as the further investigated detergents 
1 % (w/v) DM, 3 % (v/v) oPOE or 0.5 % (v/v) HEOS (Figure 31). The biggest amount of FhuA ΔCVFTEV 
still remained in the pellet (Figure 30). 
 
 
Figure 30: SDS-PAGE (10 % gel, 18 mA, 50 W, 1 h, 5 µl sample) of extracted FhuA ΔCVFTEV using 1.5 % (w/v) DDM in the final 
solubilization step, M = marker (Fermentas), E1/E2 = supernatant of 1st/2nd extraction step, S = solubilized FhuA ΔCVFTEV using 
DDM, P1/P2/P3 = respective pellet after centrifugation195 
 
 
Figure 31: SDS-PAGE (10 % gel, 18 mA, 50 W, 1 h, 5 µl sample) of extracted FhuA ΔCVFTEV using DM, oPOE, DDM and HEOS in 
the final solubilization step, M = marker (Fermentas)  
 
The low extraction efficiency for FhuA ΔCVFTEV using different mild detergents raised the question 
about a changed membrane composition, which decreases the ability of detergents to form 
mixed lipid-protein-detergent micelles. Hence, an extraction of FhuA CVFTEV in its native state 
using mild detergent is not a suitable method to obtain a high FhuA CVFTEV amount. 
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Membrane extraction of FhuA Δ1-159_C545 and FhuA ΔCVFTEV with organic solvents 
 
An alternative way of extracting proteins from the membrane is to completely disintegrate and 
dissolve the membrane. The embedded proteins will precipitate and subsequently be dissolved 
and refolded. A membrane solubilization protocol was developed using the green organic 
solvents 2-methyl-tetrahydrofurane (2-MeTHF) and cyclopentyl methyl ether (CPME) (Figure 32). 
These solvents are not miscible with water and form a two-phasic system210. The components of 
the cell membrane will be solubilized according to their charge and polarity in the different 
phase, while FhuA will remain insoluble due to its amphiphilic character. The denatured FhuA 
present at the phase boundary was solubilized based on an inclusion body isolation method using 
chaotrophic reagent urea and refolding by dialysis against the mild refolding detergent 
polyethylene-block-polyethylene glycol (PE-PEG)73.  
 
 
Figure 32: SDS-PAGE (10 % gel, 18 mA, 50 W, 1 h, 5 µl sample) of organic solvent based extraction of FhuA 1-1-59_C545 with 
2-MeTHF and CPME. 4M urea and dialysis against buffer containing PE-PEG as solubilization step, M = marker (Fermentas), 
STD = standard extraction using 3 % oPOE 82 (merged) 
 
Figure 33: SDS-PAGE (10 % gel, 18 mA, 50 W, 1 h, 5 µl sample) of organic solvent based extraction of FhuA ΔCVFTEV with 
2-MeTHF and CPME. 4M urea and dialysis against buffer containing PE-PEG as solubilization step, M =marker (Fermentas) 
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Highest FhuA_Δ1-159_C545 amount was observed with 1:2 mixtures of water with CPME 
(400 µg/ml) and 1:1 mixtures of 2-MeTHF (350 µg/ml). The standard extraction using oPOE 
resulted in a higher overall protein amount (600 µg/ml), but the purity was very low (less than 
60 % compared to 95 % for 2-MeTHF and >85 % for CPME). Application of this organic solvent 
based extraction method on FhuA ΔCVFTEV however did not result in considerable amounts of 
FhuA solubilized (< 200 µg/ml, purity <70 %, Figure 33). However purity and protein amount were 
slightly increased for FhuA Δ1-159_C545. 
The results of the organic solvent extraction based on 2-MeTHF and CPME suggest that the major 
amount of FhuA ΔCVFTEV was not of expressed into the lipid membrane, since the biggest amount 
of FhuA remained in the non-soluble pellet after organic solvent treatment.  
 
 
The procedure using only the denatured FhuA at the phase boundary was therefore altered to 
cover FhuA presumably expressed into inclusion bodies. A similar method using a mixture of the 
organic solvents n-hexane and ethanol with water, used in extraction of membrane fractions, 
was established. The solubilization, however, was performed with all solid parts remaining after 
the organic solvent treatment. Solubilization attempts using urea (2 M, 4 M, 8 M) resulted in 
increased amounts of solubilized FhuA_Δ1-159_C545 (Figure 34), though major amount of FhuA 
remained insoluble in the pellet after centrifugation. The subsequent dialysis of the urea-
solubilized FhuA did not led to folded FhuA protein (Figure 35) instead the whole protein amount 
precipitated during dialysis and was separated by centrifugation. 
 
 
Figure 34: SDS-PAGE (10 % gel, 18 mA, 50 W, 1 h, 8 µl sample) of organic solvent based extraction of FhuA_Δ1-159_C545 with 
hexane/ethanol and urea solubilization. Supernatants (S) contain solubilized FhuA after centrifugation, (P) the respective 
pellets, M =marker (Fermentas), S1/P1 = 2 M urea, S2/P2 = 8M urea, S3/P3 = 4 M urea195 
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Figure 35: SDS-PAGE (10 % gel, 18 mA, 50 W, 1 h, 8 µl sample) of organic solvent based extraction of FhuA_Δ1-159_C545 with 
hexane/ethanol. FhuA_Δ1-159_C545 pellet was solubilized with urea and dialyzed against 0.125 mM PE-PEG (100 mM 
phosphate buffer, pH 7.4, 1 mM EDTA). Supernatants (S) contain solubilized FhuA after centrifugation, (P) the respective 
pellets, M =marker (Fermentas), S1/P1 = 2 M urea, S2/P2 = 8M urea, S3/P3 = 4 M urea195 
 
These findings suggest that urea solubilization in combination with hexane/ethanol membrane 
disintegration was not able to sufficiently access the precipitated protein and stabilize the soluble 
fraction during refolding by dialysis. The substitution of PE-PEG by oPOE or DDM did not improve 
the refolding process. The use of the mild detergents to solubilize FhuA from the precipitated 
protein fraction instead of urea did not yield in solubilized and refolded FhuA (Figure 36).  
 
 
 
Figure 36: SDS-PAGE (10 % gel, 18 mA, 50 W, 1 h, 8 µl sample) of organic solvent based FhuA Δ1-159_C545 extraction with 
hexane/ethanol and solubilization with non-ionic detergents. Supernatants (S) contain solubilized FhuA after centrifugation, 
(P) the respective pellets, M =marker (Fermentas), S1/P1 = 0.125 mM PE-PEG, S2/P2 = 3 % oPOE, S3/P3 = 0.5 % DM, S4/P4 = 
0.5 % DDM, S5/P5 = 0.5 % HEOS195 
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To solubilize the precipitated protein fraction after organic solvent treatment the chaotrophic 
reagent urea was substituted with the ionic denaturing detergent sodium dodecylsulfate (SDS). 
The use of SDS led to an enormous increase in solubilized FhuA from the precipitated fraction 
(Figure 37), only small amounts remained insoluble in the pellet after centrifugation. When 
applying SDS for FhuA solubilization all extraction and dialysis buffers were prepared on sodium 
phosphate basis, since potassium in the standard KPi–buffer resulted in complete precipitation 
of insoluble potassium dodecylsulfate and FhuA. After dialysis against buffer (100 mM NaPi, 
pH 7.4) containing 0.125 mM PE-PEG as refolding detergent almost the complete FhuA amount 
solubilized by SDS could be obtained in the soluble form in its native folding state. The correct 
folding was confirmed by secondary structure analysis using circular dichroism spectroscopy. The 
concentration of extracted FhuA ΔCVFTEV was ≥3 mg/ml depending on the volume of used 
solubilization solution with purity above 90 % (estimated with ImageJ analysis). 
 
 
 
Figure 37: SDS-PAGE (10 % gel, 18 mA, 50 W, 1 h, 8 µl sample) of organic solvent based extraction of FhuA ΔCVFTEV with 
hexane/ethanol, solubilization with 1.25 % SDS followed by dialysis against 0.125 mM PE-PEG (100 mM phosphate buffer, 
pH 7.4, 1 mM EDTA), M =marker (Fermentas), S1 = supernatant after 1.25 % SDS solubilization (P1 = respective pellet after 
centrifugation), SD = supernatant after dialysis (PD = respective pellet after centrifugation) 
 
Extraction of FhuA ΔCVFTEV using sodium dodecylsulfate (SDS) solubilization 
 
To simplify the extraction procedure it was investigated whether the preliminary extraction with 
0.1 % (v/v) oPOE or 0.5 % (w/v) DDM and the organic solvent treatment are necessary steps to 
retain the extraction efficiency and FhuA purity (Figure 38). The simplified method resulted in 
comparable protein amounts of at least 3 mg/ml with no difference in purity. The pre-extraction 
had obviously no effect on the overall purity of the extracted protein. 
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Figure 38: SDS-PAGE (10 % gel, 18 mA, 50 W, 1 h, 8 µl sample) of organic solvent based FhuA ΔCVFTEV extraction with 
hexane/ethanol, solubilization with 1.25 % SDS without pre-extraction using DDM, M =marker (Fermentas), S1 = supernatant 
after direct 1.25 % SDS solubilization (P1 = respective pellet after centrifugation), S2 = supernatant after 1.25 % SDS 
solubilization with prior pre-extraction using DDM (P2 = respective pellet after centrifugation) 
 
The organic solvent based extraction method suffered from reduced reproducibility, since 
separation of the liquid organic phases from the gel-like denatured protein was challenging. To 
improve protein extraction yield and avoid residual organic solvent amounts the extraction was 
optimized towards direct solubilization with SDS after first extraction step47 (Figure 39). 
 
Figure 39: SDS-PAGE (10 % gel, 18 mA, 50 W, 1 h, 8 µl sample) of FhuA ΔCVFTEV solubilization with 1.25 % SDS, M =marker 
(Fermentas), S1 = supernatant after cell disruption and 1st extraction step using Triton-X (P1 = respective pellet after 
centrifugation), S2 = supernatant after 0.1 % SDS extraction (P2 = respective pellet after centrifugation), S3 = supernatant after 
1.25 % SDS solubilization (P3 = respective pellet after centrifugation), S4 = supernatant after dialysis against 0.12  mM PE-PEG 
(10 mM phosphate buffer, pH8, 1 mM EDTA) 
 
The amount of extracted protein was about 4 mg/ml with purities of at least 85 % with excellent 
reproducibility. FhuA was stable in SDS-solution at 4°C for several weeks. Dialysis against folding 
buffer (10 mM NaPi, pH 8, 0.125 mM PE-PEG, 1 mM EDTA) resulted in refolded FhuA ΔCVFTEV 
(confirmed by CD). 
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The pellet after cell disruption and pre-extraction showed a whitish solid with a thin brownish 
layer of membrane lipids (consisting of lipopolysaccharides and phospholipids211-212). According 
to the observations on FhuA inclusion bodies of Dworeck et al.73 and the mentioned findings 
during the extraction procedure with non-denaturing detergents, it can be assumed that the 
whitish pellet mostly consists of FhuA ΔCVFTEV inclusion bodies and the brown layer harbors the 
membrane expressed FhuA ΔCVFTEV. With the SDS solubilization method a differentiation 
between membrane expressed FhuA ΔCVFTEV and FhuA in inclusion bodies was not possible.  
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2.2.2 Refolding and stability investigation of FhuA ΔCVFTEV 
Optimization of the refolding procedure of FhuA ΔCVFTEV by dialysis 
 
The standard method of membrane protein extraction relies on the extraction with non-
denaturing detergents to obtain protein in its native folding state68. The solubilization and 
refolding of detergent-soluble inclusion bodies of membrane proteins, however, remains 
challenging213. For several membrane proteins reports showed that an expression into inclusion 
bodies and denaturing solubilization with subsequent refolding was possible206. According to 
REFOLD-database the main refolding techniques are dialysis (27 %), dilution (40 %), gel filtration 
(4 %) and on-column refolding (5 %)199. The refolding of membrane proteins is a very sensitive 
process. It is believed that the mechanism covers three main steps from unfolded protein via an 
intermediate state to the native folded protein. A hydrophobically collapsed intermediate 
undergoes hydrophobic interactions with detergent or lipid bilayers. This leads to an adsorption 
of detergents on the proteins surface respectively an adsorption of protein on the bilayer surface. 
These rather fast steps are followed by the slow reconstitution in its native state by extending 
interactions with detergent or bilayer. In each of the steps aggregation or misfolding of the 
protein could occur, caused by attractive interactions of pre-folded domains214. Therefore 
refolding of membrane proteins in detergents requires an elaborate investigation of refolding 
parameters. The most crucial parameters are the structure of the used detergents, the range of 
pH stability and ionic strength of buffers. Also additives promoting the protein folding such as 
EDTA, arginine and glycerol could have an impact on folding efficiency215-217. Generally the 
refolding of membrane proteins leads to higher amounts of refolded protein when using reduced 
temperatures (~10°C)218-219 and low protein concentrations. 
The optimized refolding conditions (Table 25) were found at room temperature with three 
dialysis steps for 24 h against 200x refolding buffer. 
 
Table 25: Optimized refolding conditions for refolding of FhuA ΔCVFTEV 
Component Concentration 
Sodium phosphate, pH 8 10 mM 
EDTA 1 mM 
PE-PEG 0.125 mM 
 
 
  
                                                     
 Optimization of refolding conditions was performed with J. Kinzel, Lehrstuhl für Biotechnologie, RWTH Aachen 
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The structural integrity of refolded FhuA ΔCVFTEV was confirmed by CD spectroscopy (Figure 40). 
The CD spectra of the dialyzed FhuA ΔCVFTEV showed characteristic minimum (215 nm) and 
maximum (195 nm) for β-sheet rich proteins. Since the intensity of CD spectra is strongly 
concentration dependent, the FhuA concentration was carefully adjusted to 0.4 mg/ml for CD 
measurements to ensure comparability. Any decrease of intensity of the characteristic minimum 
and maximum corresponds to a loss of structural information.  
 
 
Figure 40: CD spectrum of FhuA ΔCVFTEV refolded by dialysis with optimized folding conditions (0.4 mg/ml, Olis DSM 17, 0.5 mm 
cuvette). The respective baselines were directly subtracted. Recorded date were smoothed using the Savitzky-Golay filter220 
The CD spectra of FhuA ΔCVFTEV in 1.25 % SDS shows no characteristics of a β-sheet folding, but 
rather characteristics of α-helices and random coils. It can be concluded, that the barrel domain 
of FhuA is completely unfolded prior to the dialysis. 
 
As reported by Dewald et al.221 the ionic strength of the buffer components showed a strong 
influence on the folding behavior. Reduced ionic strength generally promoted folding of 
membrane proteins due to stabilization of the unfolded detergent-associated state, a 
destabilization of the folded state combined with a decreased rate of protein folding. These 
findings are congruent to the FhuA folding behavior.  
The pH value is also a key parameter. In accordance to Surrey and Jähnig222 also FhuA showed 
increased folding efficiency at pH 8. Although FhuA exhibits a pKa value of 4.8, reduced efficiency 
or even complete precipitation of FhuA was observed, if pH is ≤ 7.4 (data not shown). The 
protonation/deprotonation of amino acid side chains influences charged intramolecular 
interactions and protein-detergent hydrophobic interactions. A negatively charged surface 
seems to promote the refolding efficiency of β-barrel membrane proteins in general223, although 
it prevents incorporation into lipid-bilayer due to charge-repulsion interactions of negatively 
charged protein with negative head groups of the lipid components. 
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The refolding process of FhuA ΔCVFTEV (up to 4 mg/ml) was found to be not influenced by 
temperature within the investigated range (4°C, 15°C, 25°C).  
 
The folding mechanism of integral membrane proteins remains unknown yet, particularly the 
question whether FhuA folds first and then binds detergent molecules to stabilize the 
hydrophobic regions or whether detergent micelles are needed to refold and stabilize the FhuA 
in its native structure (Figure 41).  
 
 
Figure 41: Proposed folding mechanisms of porins in presence of detergents206 
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Refolding buffer containing different concentrations of PE-PEG was used for refolding of 
FhuA ΔCVFTEV (Figure 42) to determine the influence of the CMC on folding and stability. The 
micelle size and CMC of PE-PEG were determined in the respective buffer by dynamic light 
scattering using Zetasizer (Malvern, Figure 43). 
 
 
Figure 42: CD spectrum of FhuA ΔCVFTEV folded in different concentration of PE-PEG (in 10 mM sodium phosphate buffer). The 
spectrum was measured with CD spectroscopy (OLIS DSM-17, 0.5 mm cuvettes, 0.4 mg/ml FhuA ΔCVFTEV). The respective 
baselines were directly subtracted. Recorded data were smoothed using the Savitzky-Golay filter220 
 
 
Figure 43: Determination of micelle size of different PE-PEG concentrations by dynamic light scattering (DLS) using ZETASIZER 
Nano ZS (Malvern Instruments) 
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Reducing the PE-PEG concentration from 0.125 mM to 0.125 µM in the refolding buffer showed 
no influence on secondary structure FhuA ΔCVFTEV. The secondary structure analysis with CD 
revealed the typical β-sheet characteristics. Determining the CMC200 and the micelle size using a 
Zetasizer (Malvern) showed that even in detergent concentrations below the CMC (1.25 µM, 
0.125 µM PE-PEG) FhuA folds in its correct native structure. The micelles had an average size of 
60 nm in diameter. The number of micelles decreased linearly with the reduced PE-PEG 
concentration. The CMC could be estimated between 0.0125 mM and 0.00125 mM PE-PEG.  
The length and structure of the used detergents (PE-PEG, DDM, oPOE) showed no significant 
effect on the folding behavior of FhuA73, 81-82, 195. Kleinschmidt et al.206 showed that OmpA (8 β-
strands) a similar tolerance towards different types of non-ionic detergents, however, its folding 
seems to be very much dependent on the detergent concentration (no folding below the CMC). 
It may can be assumed that FhuA ΔCVFTEV folds without the presence of detergent micelles, but 
monomeric detergent molecules can stabilize the hydrophobic regions of FhuA in its native 
structure. Whether the ability of FhuA to refold in PE-PEG below the CMC is also valid for other 
non-ionic detergents remains unknown yet. 
 
Investigation of organic solvent stability of FhuA ΔCVFTEV 
 
The stability of FhuA ΔCVFTEV towards organic solvents, elevated temperatures and different pH 
strongly determines the reactivity and substrate scope of the resulting biohybrid catalyst. 
Therefore the stability of FhuA ΔCVFTEV was investigated in several aqueous solutions of organic 
solvents (Table 26) using CD spectroscopy (Figure 44, Figure 45 and Figure 46). Stability threshold 
was set as soon as changes in the intensity of the characteristic secondary structure bands 
occurred, in contrast to Tenne et al.82, who defined stability with 50 % of protein structure left. 
The CD signal is strongly concentration dependent, hence a reduced intensity without clear signs 
of precipitation indicate a partial protein denaturation. For the use as scaffold for biohybrid 
catalyst applications a defined environment is the most important factor to obtain highly 
selective transformations. Therefore mixed species of folded and partially unfolded FhuA were 
not expedient.  
72 
 
Figure 44: CD spectrum of FhuA ΔCVFTEV in different concentrations of THF and isopropanol (medium polar solvents) in 
refolding buffer (10 mM NaPi, pH 8, 0.125 mM PE-PEG, 1 mM EDTA) measured with CD spectroscopy (JASCO, 1 mm cuvettes, 
0.4 mg/ml FhuA ΔCVFTEV). The respective baselines were directly subtracted  
 
Figure 45: CD spectrum of FhuA ΔCVFTEV in different concentrations of acetone, ethanol (EtOH), methanol (MeOH) and 
dimethylsulfoxide (DMSO) as polar organic solvents in refolding buffer (10 mM NaPi, pH 8, 0.125 mM PE-PEG, 1 mM EDTA) 
measured with CD spectroscopy (JASCO, 1 mm cuvettes, 0.4 mg/ml FhuA ΔCVFTEV). The respective baselines were directly 
subtracted 
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Figure 46: CD spectrum of FhuA ΔCVFTEV in different concentrations of apolar organic solvents in refolding buffer (10 mM NaPi, 
pH 8, 0.125 mM PE-PEG, 1 mM EDTA) measured with CD spectroscopy (Olis DSM 17, 0.5 mm cuvettes, 0.4 mg/ml FhuA ΔCVFTEV). 
The respective baselines were directly subtracted. Recorded date were smoothed using the Savitzky-Golay filter220 
 
CD spectra (Figure 44, Figure 45 and Figure 46) showed typical β-sheet structure with the 
characteristic minimum at 215 nm and maximum 195 nm. Strong UV absorbing solvents (DMSO, 
DMF, DCM, chloroform, dioxane) resulted in reduced spectra intensity below 200 nm. The 
characteristic peak at 195 nm was therefore not clearly visible. Furthermore spectra show 
spectral shifts caused by detergent and organic solvents (redshift for apolar solvents and 
blueshifts for polar solvents) as reported by Chen and Wallace224. Table 26 shows the maximal 
tolerated concentration of the used organic solvents with their respective logP (partition 
coefficient) and ε value (dielectric constant). 
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Table 26: Maximal tolerated concentrations of organic solvents for FhuA ΔCVFTEV with their respective logP (partition 
coefficient) and ε value (dielectric constant) 
Solvents Concentration (v/v) lopP225 ε226 
THF 20 % 4.0 7.58 
Isopropanol 20 % 3.9 17.5 
Ethanol 5 % 5.2 24.5 
Methanol 2.5 % 5.1 32.7 
Acetone 5 % 5.1 20.7 
DMSO - 7.2 46.0 
DMF - 6.4 36.0 
DCM 2.5 %* 3.1 8.93 
Chloroform 1 %* 4.1 4.81 
Diethylether 10 %* 2.8 4.34 
Dioxane 7.5 % 4.8 2.21 
* Maximum solubility of the respective solvent in water 
 
The structural integrity of proteins depends on intramolecular protein and protein-environment 
interactions. Major driving forces for protein solubility and folding are hydrogen bonding, 
followed by hydrophobic interactions, charge interactions and van-der-Waals interactions. In 
aqueous solutions water molecules are either attached to soluble proteins via hydrogen bonds 
or are free in solution forming the protein hydration shell. Influencing the hydration shell with 
organic solvents is associated with structural loss or denaturation of the proteins227. The use of 
organic solvents mainly alters hydrogen bonding and hydrophobic interactions. The dielectric 
constant ε as measure for the influence of the solvent on the electrostatic field of the solvated 
agent allows the evaluation of the effects on the rather hydrophilic parts of a protein. The 
experimental logP value displays the solvents polarity and its effects on the water structure. The 
lower the logP value the more non-polar the solvents is and the stronger the impact on the water 
structure. However, the effects of organic solvents on the stability of integral membrane proteins 
are usually not trivial to explain. There is only one report discussing organic solvent effects on 
membrane proteins stabilized in detergents82. Membrane proteins need amphiphilic molecules 
to shield the hydrophobic core in aqueous solutions228. Thus organic solvents do not just effect 
intraprotein interactions and protein-water interaction but also protein-detergent interactions 
and detergent-water interactions, which aggravate the identification of the significant 
contributions.  
For FhuA ΔCVFTEV the stability in alcohols increased from Methanol (2.5 % (v/v)) and Ethanol 
(5 % (v/v)) to Isopropanol (20 % (v/v)). However, Methanol and Ethanol are known to destabilize 
tertiary structure but stabilize secondary structures, in particular α-helices229. Hence the 
predominant effect of alcohols on the stability of membrane proteins seems to be the influence 
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on protein detergent interactions rather than intramolecular protein interactions. DMSO is 
known to enhance folding of soluble proteins and even conserves secondary structures230-231. 
However, DMSO also competes with intramolecular hydrogen bonds particularly in the 
hydrophilic loop regions of FhuA which could cause denaturation. The comparable high stability 
of FhuA in THF and isopropanol result from the medium polarity and hydrogen bonding 
properties. Thus both solvents neither excessively influence the protein-water nor the protein-
detergent interactions allowing mixtures with 20 % (v/v) solvent without altering the protein 
structure. At higher concentrations the hydrogen bond interactions of iPrOH will increase 
resulting in comparable effects like MeOH. THF interacts as hydrogen bond acceptor with water 
resulting in a rearrangement of the water shell around the protein and the detergent. This leads 
to reduced interactions of the hydrophilic parts of the protein with water as well as weakening 
the hydrophobic interactions of detergent and protein towards deprotection of the hydrophobic 
protein regions.  
Solvents exhibiting a strong non-polar character lead to a competition with the protein for the 
detergent or even cause insolubility of the detergent. Especially chloroform is able to disrupt the 
secondary structure of proteins. The break-up of the hydrogen bonds accompanies with 
intramolecular interactions between the charged side-chains and the polar backbone groups. The 
poor solvation of the charged side-chains by the non-polar solvent232 consequently alters the 
amphiphilic character of FhuA and causes unfolding and precipitation. 
The stability study with chosen organic solvents showed that high polar solvents (high ε and high 
logP) such as DMSO and alcohols are generally more destabilizing than rather less polar solvents 
such as THF and branched higher alcohols. Aprotic solvents additionally showed stronger 
destabilizing effects than protic solvents. The strong destabilizing effects of protic-polar solvents 
like MeOH and EtOH base on the ability to act as hydrogen bond acceptors and donors which 
strengthens hydrogen bonding and weakens hydrophobic interactions233. In strong polar solvents 
proteins tend to expose their polar groups to the solvent and bury their aliphatic ones232. This 
principle, known from soluble proteins, affects none more so than membrane proteins with their 
strong protein-detergent interaction in the hydrophobic regions. A weakening of these 
interactions leads to a reduced shielding of these regions by detergents and results in partial 
unfolding of the membrane protein. With decreasing polarity and increased steric hindrance 
caused by branched chains the destabilizing effect of alcohols diminishes. 
 
The long-term effects of the organic solvents (THF, iPrOH) were measured to ensure structural 
integrity during catalytic conversions using the FhuA ΔCVFTEV-based biohybrid catalyst (Figure 
47). Elongated incubation time (10 min, 24 h and 48 h) with 20 % (v/v) iPrOH showed no effect 
on the secondary structure of FhuA while the incubation with 20 % (v/v) THF exceeding 24 h led 
to a significant unfolding (precipitation observed). THF seems to have a stronger ability of 
influencing the water shell around protein and detergent. Once this structure is disturbed 
submicroscopic aggregates are formed which will grow by colliding caused by Brownian motion 
until they reach a stable particle size234.  
The long-term effects of the organic solvents (THF, iPrOH) were measured to ensure structural 
integrity during catalytic conversions using the FhuA ΔCVFTEV-based biohybrid catalyst (Figure 
76 
47). Elongated incubation time (10 min, 24 h and 48 h) with 20 % (v/v) iPrOH showed no effect 
on the secondary structure of FhuA while the incubation with 20 % (v/v) THF exceeding 24 h led 
to a significant unfolding (precipitation observed). THF seems to have a stronger ability of 
influencing the water shell around protein and detergent. Once this structure is disturbed 
submicroscopic aggregates are formed which will grow by colliding caused by Brownian motion 
until they reach a stable particle size234.  
 
 
Figure 47: CD spectrum of FhuA ΔCVFTEV in 20 % of THF or 20 % isopropanol incubated for 10 min, 24 h and 48 h at 15°C 
measured with CD spectroscopy (Olis DSM 17, 0.5 mm cuvettes, 0.4 mg/ml FhuA ΔCVFTEV). The respective baselines were 
directly subtracted. Recorded date were smoothed using the Savitzky-Golay filter220 
 
When working with protein solutions in detergents with concentrations close to the critical 
micelle concentration (CMC) the influence of organic solvents on the CMC needs to be considered 
(increased CMC of SDS in presence of MeOH235) since an increased CMC could lead to prevention 
of micelle formation and thus could reduce protein stabilization. Therefore, the dependency of 
the folding process and the stability of FhuA ΔCVFTEV from the CMC of the used detergent was 
investigated using PE-PEG in different concentrations. Effects of treatment of the protein with 
10 % (v/v) THF and 10 % (v/v) iPrOH were determined with CD (Figure 48). 
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Figure 48: CD spectrum of FhuA ΔCVFTEV dialyzed against different concentrations of PE-PEG (10 mM phosphate buffer, pH 7.4, 
1 mM EDTA). Refolded FhuA ΔCVFTEV was incubated with 10 % (v/v) of isopropanol for 1 h at room temperature and measured 
with CD spectroscopy (Olis DSM 17, 0.5 mm cuvettes, 0.4 mg/ml FhuA ΔCVFTEV). The respective baselines were directly 
subtracted. Recorded date were smoothed using the Savitzky-Golay filter220 
 
The treatment of FhuA ΔCVFTEV with 10 % (v/v) THF in reduced PE-PEG concentrations 
(0.0125 mM, 0.00125 mM) led to an immediate protein precipitation for 0.00125 mM PE-PEG 
and delayed precipitation after 1 h of incubation for 0.0125 mM, while FhuA ΔCVFTEV was 
remarkable stable in 10 % (v/v) iPrOH for all concentrations over 1 h. It can be assumed that there 
is a weakening of the hydrophobic interactions of FhuA ΔCVFTEV with the detergent by THF which 
seemed to further reduce the protection of the hydrophobic core by micelles or free detergent 
molecules consequently only present in low amounts. 
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Investigation of pH stability of FhuA ΔCVFTEV 
 
Metathesis reaction using Grubbs-Hoveyda based catalysts usually show best conversion at low 
pH values236 while the polymerization of acetylenes in water using rhodium-based catalysts 
needs the presence of bases leading to higher pH values237-238. To ensure a defined protein 
environment the pH stability was determined.  
PROPKA predicts for FhuA ΔCVFTEV an optimal pH range from 4 to 10 (Figure 49), with an 
isoelectric point of 4.98 in the folded state. 
 
 
Figure 49: FhuA ΔCVFTEV stabilization energy (in kcal/mol) depending on the pH value. Curve was calculated using PROPKA 
based on the modeled structure of FhuA ΔCVFTEV 
 
The optimal pH range of proteins depends on their amino acid composition. The main 
contribution for pH stability is represented by Asp, Glu, Arg, Lys, His, Cys and Tyr. The amount, 
the pKa values and the solvent accessibility of these amino acids determine the isoelectric point 
and the pH range of stability. Charges on the surface of proteins are arranged for attractive 
interactions near neutral pH239 and contribute favorable to protein stability. Altering these 
charges by protonation or deprotonation causes strong effects on the proteins folding and 
stability. The pKa values of amino acids in proteins and the contribution to the proteins overall 
pH stability can be estimated by computer based methods (PROPKA-Server). These methods 
consider hydrogen bonding, charge interactions and desolvatation; however, the amphiphilic 
character and the detergent stabilization are not included. But for membrane proteins like FhuA 
most of the charged amino acids are located in the hydrophilic part at the proteins loops and the 
barrel interior while the hydrophobic core usually consists of non-polar amino acids which are 
less affected by pH changes. 
The of pH stability of FhuA ΔCVFTEV was investigated with CD spectroscopy. The pH of the FhuA 
solution was adjusted using HCl (1 M) and NaOH (1 M). FhuA ΔCVFTEV exhibited characteristic 
β-sheet based folding in a pH range of 5.8 to 10 (Figure 50). 
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Figure 50: CD spectrum of FhuA ΔCVFTEV in buffers with different pH values measured with circular dichroism spectroscopy 
(Olis DSM 17, 0.5 mm cuvettes, 0.4 mg/ml FhuA ΔCVFTEV). The respected baseline was directly subtracted. Recorded date were 
smoothed using the Savitzky-Golay filter220 
 
In contrast to the PROPKA prediction FhuA ΔCVFTEV showed a significant structure loss below pH 
5.8. Reason might be that some Asp, His and Glu were already protonated resulting in a loss of 
hydrogen bonding and significant differences in charge interactions, by enhancing positive 
charge of the protein surface. The promoted interactions of the positively charged side-chains 
with the protein backbone could lead to surface exposure of aliphatic which influences the 
amphiphilic charter of FhuA and leads to unfolding and precipitation. When exceeding pH 10 
comparable structural losses likely occurred due to deprotonation of Tyr and Lys (pKa values of 
contributing amino acids of FhuA ΔCVFTEV are given in appendix section Chapter 3:2). The 
influence of pH on the CMC is reported for detergents with a titratable polar head groups 240. For 
PE-PEG the pKa of the polyethyleneglycol head group is 16.3 [calculated with ChemBio3D 13.0 
Ultra] thus an influence of the pH in the range of 5 to 10 is unlikely. 
Compared to the pH tolerance during the refolding process of FhuA ΔCVFTEV (see Optimization of 
the refolding procedure of FhuA ΔCVFTEV by dialysis) the stability of FhuA ΔCVFTEV after refolding 
is much higher. While the secondary structure of FhuA ΔCVFTEV after refolding was robust in a pH 
of 5.8 to 10, a pH ≤7 lead to direct precipitation during the refolding by dialysis.  
The combinatorial influence of low pH and increased organic solvent amount were measured to 
ensure structural integrity during catalytic conversions using the FhuA ΔCVFTEV-based biohybrid 
catalyst (Figure 51). 
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Figure 51: CD spectrum of FhuA ΔCVFTEV in refolding buffer (10 mM NaPi, 1mM EDTA, 0.125 mM PE-PEG) at pH 6 with 
supplemented organic solvents (THF, isopropanol) measured with CD spectroscopy (Olis DSM 17, 0.5 mm cuvettes, 0.4 mg/ml 
FhuA ΔCVFTEV). The respected baseline was directly subtracted. Recorded date were smoothed using the Savitzky-Golay filter220 
 
Leaving the optimal stability pH around 8, FhuA ΔCVFTEV showed stability even below pH 6. 
However, the tolerance towards organic solvents was remarkably reduced. Solvent 
concentrations of 20 % (v/v) THF or 20 % (v/v) iPrOH resulted in significant structural alterations. 
For the positively charged surface residues there seemed to be a solvation competition between 
water and organic solvent. 
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2.2.3 Catalyst synthesis 
 
Grubbs-Hoveyda type catalyst 
 
The final Grubbs-Hoveyda linker complex was obtained by supplementing 4-(2,5-dioxo-2,5-
dihydro-1H-pyrrol-1-yl)butanoyl chloride (Figure 52) to the Grubbs-Hoveyda complex with the 
free alcohol on the NHC-ligand. A green solid (21 mg, 25 µmol, 82 %) was isolated47. 
 
 
Figure 52: Grubbs-Hoveyda type catalyst with maleimide linker and C3-spacer 
 
1H-NMR (400 MHz; CD2Cl2; 25 °C): H (ppm) = 16.44 (s, 1H, Ru=CH), 7.58-7.52 (m, 1H, Ar-H), 7.09-
7.07 (m, 4H, Ar-H), 6.97-6.89 (m, 2H, Ar-H), 6.84 (d, J(H,H) = 8.24 Hz, 1H, Ar-H), 6.70 (s, 2H, 
CH=CH), 4.90 (sept, J(H,H) = 6.10 Hz, 1H, CH(CH3)2), 4.48-4.38 (m, 1H, CH), 4.29 (t, J(H,H) = 10.38 
Hz, 1H, CH2), 4.09 (dd, J(H,H) = 7.08, 10.38 Hz, CH2), 3.87-3.78 (m, 1H, CH2), 3.70-3.61 (m, 1H, 
CH2), 3.58 (t, J(H,H) =  7.02 Hz, 2H),  2.86-2.30 (br m, 20H), 1.92 (q, J(H,H) = 7.02 Hz, 2H), 1.30-
1.22 (m, 6H, CH(CH3)2). 
 
13C-NMR (100 MHz; CD2Cl2; 25 °C): C (ppm) = 296.88 (Ru=CH), 214.55 (Ru-C), 171.35 (NCO), 
168.94 (OCO), 152.57, 145.59, 139.53, 139.15 (br), 134.70, 130.58, 130.27, 130.21, 129.84, 
129.24, 127.00, 122.90, 122.78, 113.51, 75.68, 66.09 (br), 63.35 (br), 55.25 (br), 37.11, 32.92, 
23.73, 21.54, 21.39, 21.30, 20.17 (br), 19.36 (br). 
 
  
                                                     
 Synthesis of Grubbs-Hoveyda type catalyst was performed by D. F. Sauer, S. Gotzen, Institut für Anorganische 
Chemie, Prof. J. Okuda, RWTH Aachen 
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2.2.4 Cysteine titration for quantification of free cysteine in FhuA ΔCVFTEV 
 
Cysteine titration using Fluoresceine-5-maleimide 
 
Fluorescein-5-maleimide is a fluorescent probe with a maleimide moiety that is able to conjugate 
to free thiol at neutral pH. The resulting fluorescence is measured at λex= 493 nm and 
λem= 515 nm. The influence of different detergents (Figure 53) and buffers (Figure 54) on the 
fluorescence signal intensity was investigated. Fluoresceine-5-maleimide was used in 20 times 
molar excess to FhuA to ensure maximum coupling efficiency. 
Fluoresceine-5-maleimide showed a strong induction of fluorescence in all tested detergents 
(Figure 53). This could be caused by hydrophobic interactions of the detergent with the aromatic 
system of Fluoresceine-5-maleimide. No difference between coupled and FhuA-coupled dye 
could be observed. The variation of buffer composition revealed a slightly reduced influence of 
Tris-HCl and a quite low background for ddH2O. However, in case of Tris-HCl the background 
remained still too high, while for ddH2O a pH control of the coupling to ensure selective reaction 
with cysteine is challenging. For a fast and easy titration method Fluoresceine-5-maleimide was 
therefore not useful since the removal of remaining not reacted dye is necessary to calculate 
cysteine occupation. 
 
 
 
Figure 53: Fluorescence intensity of Fluoresceine-5-maleimide after 2h incubation at room temperature (200 µM, λex= 493 nm, 
λem = 515 nm) in 100 mM phosphate buffer (pH 7.4) (black), 0.125 mM PE-PEG (dark grey), 1.5 % DDM (light grey). 1 = buffer, 
2 = buffer with 0.125 mM PE-PEG and 10 µM cysteine, 3 = buffer with 0.125 mM PE-PEG, 4 = FhuA ΔCVFTEV (10 µM) in buffer 
with 0.125 mM PE-PEG, 5 = buffer with 1.5 % DDM and 10 µM cysteine, 6 = buffer with 1.5 % DDM, 7 = FhuA ΔCVFTEV (10 µM) 
in 1.5 % DDM. Fluorescence was measured using TECAN Infinite M1000 Pro plate reader 
0
5000
10000
15000
20000
25000
30000
35000
1 2 3 4 5 6 7
Fl
u
o
re
sc
e
n
ce
 u
n
it
s 
[-
]
Chapter 2: Results and Discussion 
 
83 
 
Figure 54: Fluorescence intensity of Fluoresceine-5-maleimide after 2h incubation at room temperature (200 µM, λex= 493 nm, 
λem = 515 nm) in different buffers and ddH2O. Fluorescence was measured using TECAN Infinite M1000 Pro plate reader 
 
Cysteine titration using MMBC (Thioglo1) 
 
MMBC (ThioGlo1) is a fluorescent probe equipped with a maleimide moiety. Upon binding to free 
thiol under neutral conditions MMBC exhibits fluorescence measured at λex= 379 nm and 
λem= 510 nm241. The influence of different detergents and buffers (Figure 56) on the fluorescence 
signal intensity was investigated. The amount of MMBC needed to ensure complete thiol 
saturation was investigated with several concentrations of MMBC and cysteine (10 µM) as model 
substrate compared to FhuA ΔCVFTEV (Figure 55).  
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Figure 55: Fluorescence intensity of MMBC (λex= 379 nm, λem= 510 nm) after coupling to the free thiol of cysteine (10 µM) 
and FhuA ΔCVFTEV (10 µM) in refolding buffer (100 mM phosphate, pH 7.4, 0.125 mM PE-PEG, 1 mM EDTA). Fluorescence was 
measured using TECAN Infinite M1000 Pro plate reader 
Fluorescence of MMBC coupled to cysteine or FhuA (10 µM) showed for 30 µM a plateau. That 
indicates that for 2 h reaction time a molar ratio of 1:3 (FhuA: MMBC) is sufficient to ensure 
complete coupling. The free cysteine showed a slightly faster reaction compared to FhuA most 
likely due to diffusion limitations within the barrel. 
 
 
Figure 56: Fluorescence intensity of MMBC-ThioGlo1 after incubation for 2 h at room temperature (30 µM, λex= 379 nm, λem = 
510 nm) in ddH2O water (white), 100 mM potassium phosphate buffer, pH 7.4, (grey), 100 mM Tris-HCl buffer, pH 7.4 (black). 
0.125 mM PE PEG, 10 µM cysteine, 1 = ddH2O, 2 = ddH2O with PE-PEG, 3 = ddH2O with cysteine, 4 = ddH2O with PE-PEG and 
cysteine, 5 = phosphate buffer, 6 = phosphate buffer with PE-PEG, 7 = phosphate buffer with cysteine, 8 = phosphate buffer 
with PE PEG and cysteine, 9 = Tris-HCl buffer, 10 = Tris-HCl buffer with PE-PEG, 11 = Tris-HCl buffer with cysteine, 12 = Tris-HCl 
buffer with PE PEG and cysteine. Fluorescence was measured using TECAN Infinite M1000 Pro plate reader 
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MMBC showed a high tolerance towards buffers and detergents (Figure 56). The signal noise 
ratio was very good despite the slight signal suppression caused by PE-PEG presumably due to 
inclusion of MMBC into micelles which hinders accessibility for cysteine.  
 
Influence of THF amount and catalyst (Grubbs-Hoveyda) on fluorescence signal intensity of 
MMBC were investigated using 10 % (v/v) THF supplemented to the reaction buffer. The catalysts 
were present as free alcohols lacking the maleimide moiety and thus were not able to couple to 
cysteine. Figure 57 shows only slight influence of THF addition or catalyst presence on the MMBC 
fluorescence signal intensity. A slightly increased fluorescence signal in presence of THF could be 
caused by enhanced solubility of MMBC. The influence of THF however could be excluded by 
purification and refolding procedure. The latter was also applied for catalyst coupling; hence the 
catalyst influence is negligible.  
Increased temperatures did not result in higher coupling efficiencies of MMBC.  
 
 
Figure 57: Fluorescence intensity of MMBC-ThioGlo1 after incubation for 2 h at room temperature (30 µM, λex= 379 nm, λem = 
510 nm) in 10 mM sodium phosphate buffer (pH 7.4) and 0.125 mM PE-PEG. FhuA ΔCVFTEV (10 µM), Grubbs-Hoveyda-OH (100 
µM in THF), Cp*Ru (100 µM in THF) and CpRhCOD (100 µM in THF). Fluorescence was measured using TECAN Infinite M1000 
Pro plate reader 
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2.2.5 Coupling of Grubbs-Hoveyda type catalyst to FhuA ΔCVFTEV and coupling 
analytics 
 
Coupling of Grubbs-Hoveyda type catalyst to FhuA ΔCVFTEV 
 
Grubbs-Hoveyda catalyst was coupled to FhuA ΔCVFTEV in 1.25 % (w/v) SDS solution with THF as 
cosolvent to increase catalyst solubility47. Best coupling efficiencies were achieved using ddH2O, 
pH 7 with 20 % (v/v) THF for 24 h at 25°C. Supplementation of phosphate or Tris-HCl buffer 
reduced coupling yield significantly (data not shown). Using degassed solvents, buffers for 
coupling and dialysis under argon atmosphere was crucial to ensure catalyst binding and 
maintain the ROMP activity of the resulting biohybrid catalyst. The biohybrid catalyst was 
purified by THF washing and filtration. Remaining liquid was evaporated and the solid was 
dissolved in 1 % (w/v) SDS in ddH2O (60 µM FhuA ΔCVFTEV concentration). Proofing the usability 
of the washing procedure a Grubbs-Hoveyda catalyst with a free alcohol on the NHC-ligand 
lacking the maleimide moiety was incubated with FhuA ΔCVFTEV and washed in the same way. 
Complete catalyst removal by THF washing and dialysis was confirmed when the prepared 
sample did not show any ROMP activity (see Table 29, Entry 1). 
Regarding stability of FhuA ΔCVFTEV and pH control of analytics of the constructed Grubbs-
Hoveyda-FhuA ΔCVFTEV the use of 10 mM phosphate buffer (pH 7-8) was necessary for refolding. 
However, coupling of Grubbs-Hoveyda to FhuA ΔCVFTEV in folded state in buffer and 20 % (v/v) 
THF led to protein precipitation and thus reduced the coupling efficiency significantly. 
  
                                                     
 Coupling of Grubbs-Hoveyda type catalyst to FhuA was performed with D. F. Sauer, S. Gotzen, Institut für 
Anorganische Chemie, Prof. J. Okuda, RWTH Aachen 
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Coupling analytics of Grubbs-Hoveyda type catalyst and FhuA ΔCVFTEV 
 
After purification with THF and refolding by dialysis the covalent modification of cysteine was 
determined by fluorescence titration of thiol with MMBC (Figure 58). The dye reacts with reactive 
thiol groups of proteins. High fluorescent intensities indicate free thiols and correspond to less 
efficient coupling while reduced intensities indicate coupling at cysteine. 
 
 
Figure 58: Fluorescence intensity of 30 µM MMBC (ThioGlo1) with 10 µM FhuA ΔCVFTEV in sodium phosphate buffer (10 mM, 
pH 7.4, 0.125 mM PE-PEG, 1 mM EDTA), 2h at room temperature. As reference unmodified FhuA ΔCVFTEV was measured. 
FhuA ΔCVFTEV coupled to Grubby-Hoveyda catalyst in 10 % (v/v) THF represents coupling efficiency and catalyst in buffer the 
catalyst background. Background of buffer was directly subtracted. Fluorescence was measured using TECAN Infinite M1000 
Pro plate reader47 
FhuA ΔCVFTEV with unmodified cysteine exhibited the highest fluorescence signal. The reduced 
fluorescence intensity indicates a modification of the cysteine with a coupling efficiency of about 
93 % (concentration corrected) in 10 % (v/v) THF. The Grubbs-Hoveyda catalyst (10 µM) showed 
no influence on fluorescence intensity.  
 
Spectral changes of Grubbs-Hoveyda complex in its free or protein coupled state were compared 
to detect the influence of covalent immobilization on FhuA ΔCVFTEV (Figure 59). The recorded 
UV/Vis spectra of Grubbs–Hoveyda–FhuA ΔCVFTEV compared with that of the uncoupled FhuA 
ΔCVFTEV confirmed the presence of the Grubbs–Hoveyda catalyst. Slight changes at 320 and 370 
nm could indicate a successful anchoring of the Grubbs–Hoveyda type catalyst to FhuA ΔCVFTEV. 
 
                                                     
 Coupling of Grubbs-Hoveyda type catalyst to FhuA was performed with D. F. Sauer, S. Gotzen, Institut für 
Anorganische Chemie, Prof. J. Okuda, RWTH Aachen 
0
5000
10000
15000
20000
25000
30000
FhuA ΔCFVtev GH-FhuA ΔCFVtev free Grubbs-Hoveyda 
10 μM
Fl
u
o
re
sc
e
n
ce
 u
n
it
s 
[-
]
88 
 
Figure 59: The UV-VIS spectra were recorded in microtiter plates in aqueous media in presence of 1 % (w/w) SDS and 
10 % (v/v) THF at 25°C on TECAN Infinite M1000 Pro. Protein concentration and free Grubbs-Hoveyda catalyst concentration 
were adjusted to 125 µM47 
 
The dialyzed biohybrid catalyst was digested with TEV protease at room temperature for 24 h 
(Figure 60). The presence of the two fragments (40.5 kDa, 17.3 kDa) after digestion of 
FhuA ΔCVFTEV with TEV protease implies that this fragment carrying the cysteine was successfully 
formed. 
 
 
Figure 60: SDS-PAGE (10% gel, 18 mA, 1h, 5 µl sample) of FhuA ΔCVFTEV digested with TEV protease (20 µl protease, 1.3 U/ml, 
pH7.4, DTT, 24 h). M = marker, Fermentas PageRuler. 1 = FhuA ΔCVFTEV digested; 2 = GH-FhuA ΔCVFTEV digested; 3 = GH-FhuA 
ΔCVFTEV undigested; 4= FhuA ΔCVFTEV undigested47 
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The crude digestion mixtures of unmodified FhuA ΔCVFTEV and Grubbs-Hoveyda-FhuA ΔCVFTEV 
were ziptipped (ZipTip C18, Millipore) and analyzed by MALDI-TOF-MS (Ultraflex III TOF/TOF, 
Bruker)(Figure 61).  
 
 
Figure 61: MALDI-TOF-MS of FhuA ΔCVFTEV and Grubbs-Hoveyda-FhuA ΔCVFTEV. The fragment 6093.1 Da (calc. 6092.6 Da) 
corresponds to a saponification of the linking ester at the NHC-ligand. An additional carboxyl reduction to the aldehyde results 
in the fragment 6077.1 Da (calc. 6076.6 Da), while 6109.6 Da (calc. 6109.6 Da) results from the NHC-ester cleavage and 
hydrolysis of the maleimide ring. [adapted from 203] 
The calculated mass (5908.6 Da) of the cysteine-containing fragment, obtained by TEV-cleavage, 
was confirmed by MALDI-TOF-MS analysis (5909.1 Da). The exact mass of the fragment of the 
digested biohybrid catalyst (calc. 6731.8 Da) could not be observed by a MALDITOF-MS analysis 
due to decomposition during sample preparation or further fragmentation throughout the MS 
measurement. The fragment 6093.1 Da (calc. 6092.6 Da) corresponds to a saponification of the 
linking ester at the NHC-ligand. An additional carboxyl reduction to the aldehyde results in the 
fragment 6077.1 Da (calc. 6076.6 Da), while 6109.6 Da (calc. 6109.6 Da) results from the NHC-
ester cleavage and hydrolysis of the maleimide ring. All these indicate the successful coupling of 
the Grubbs-Hoveyda type catalysts to FhuA ΔCVFTEV. The MALDI-TOF-MS confirmed the 
suspected coupling to cysteine found by cysteine titration. 
 
  
                                                     
 MALDI-TOF-MS measurement was performed with D.F. Sauer, Institut für Anorganische Chemie, Prof. J. Okuda, 
RWTH Aachen and M. Brocker, ICS 2, Forschungszentrum Jülich 
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Correct folding of the biohybrid catalyst after dialysis was confirmed by circular dichroism (CD) 
spectroscopy (Figure 62)47. The characteristic CD spectrum for β-sheet proteins shows a 
minimum at 215 nm and a maximum at 195 nm. Slight variations are most likely caused by 
differences in the dielectric constants of the surrounding hydrophobic environment of the 
membrane protein242. Peak variations below 195 nm are due to absorption effects of chloride 
originating from the Grubbs–Hoveyda complex. The integrity of the secondary structure under 
catalytic conditions in the presence of the organic solvent THF (10 % (v/v)) showed no major 
deterioration of the protein structure. 
 
 
Figure 62: CD spectrum of FhuA ΔCVFTEV coupled to Grubbs-Hoveyda type catalyst compared to unmodified FhuA and the 
biohybrid catalyst at catalytic conditions measured with CD spectroscopy (Olis DSM 17, 0.5 mm cuvettes, 0.4 mg/ml FhuA 
ΔCVFTEV). The respective baselines were directly subtracted47 
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2.2.6 Determining catalytic activity of the constructed biohybrid catalysts based on 
FhuA ΔCVFTEV 
 
Ring-opening metathesis polymerization (ROMP) 
 
Ring-opening metathesis polymerization (Figure 63) was carried out with Grubbs-Hoveyda 
catalyst and FhuA CVFTEV-Grubbs-Hoveyda biohybrid catalyst using water-soluble 
7-oxanorbornene as monomer47. 7-oxanorbornene has, in addition to its increased water-
solubility, the advantage of not affecting the secondary structure of the biohybrid catalyst under 
the reaction conditions47.  
 
 
Figure 63: Ruthenium-catalyzed ring-opening metathesis polymerization of 7-oxanorbornene in aqueous solution 
 
For several metathesis catalysts a strong dependence of reactivity and selectivity of the 
polymerization reaction on monomer, solvent243 and temperature243 was reported. Thus the 
reactivity of the Grubbs-Hoveyda catalyst and the resulting trans/cis selectivity of the generated 
double bond in the polymer were investigated regarding solvent and detergent influence (Table 
27). The catalysis was performed und argon atmosphere. Conversion and trans/cis ratio were 
determined by 1H-NMR in CDCl3. 
 
Table 27: Catalytic results for ROMP (Figure 63) using the free Grubbs-Hoveyda catalyst  
[Cat]  c (substrate) Solvent Time  Temp. Conversion trans/cis 
0.4 mol% 0.025 M 10 % THF 16 h 25°C 
Only 
polymer 
55 / 45 
0.1 mol% 0.1 M 1 % SDS/10 %THF 16 h 25°C 84% 29 / 71 
 
The catalyst confirmed a dependence of the trans/cis ratio on the amount of cosolvent. Ring-
opening metathesis polymerization with ruthenium based catalysts preferentially lead to the 
thermodynamically more stable trans product. The use of the Grubbs-Hoveyda type catalyst 
shifts the selectivity more to cis due to the steric hindrance of the mesityl moiety at the NHC 
ligand and gives a more kinetically driven product. An increased amount of THF improved 
solubility and thus allowing access of the monomer which leads to an increased trans content in 
                                                     
 Ring-opening metathesis polymerization was performed with D. F. Sauer, S. Gotzen, Institut für Anorganische 
Chemie, Prof. J. Okuda, RWTH Aachen 
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the polymer. The use of the detergent SDS decreased the conversion to 84 % and shifted the 
trans/cis ratio back to cis. Since the used concentration of SDS was above its CMC (~0.2 % (w/w)) 
the detergent forms micelles in aqueous solutions. These micelles solubilize hydrophobic 
compounds such as the Grubbs-Hoveyda catalyst and the monomer. An incorporation of the 
catalyst in SDS micelles could lead to a reduced accessibility for the monomer and thus resulted 
in decreased conversion and increased cis amount. Moreover the compartmentalization with 
THF inside the micelles could generate a THF enriched environment which reduces the water 
influence and turn selectivity back to cis244. 
Metathesis reactions catalyzed by Grubbs-Hoveyda type catalysts in aqueous media show a 
strong dependence on the pH value159. The optimal pH range for a biohybrid catalyst with ROMP 
activity is a compromise of the range of maximal stability of the protein surrounding and the 
range of maximum catalyst activity.  
The stability range of FhuA ΔCVFTEV was about pH 6-10. The Grubbs-Hoveyda catalyst showed 
highest activities for ROMP at pH values <3. Since conversions around pH 7 were acceptable the 
catalytic properties of the constructed biohybrid catalyst were determined at pH 5.8-7.4.  
The influence of protein coupling on the reactivity and selectivity was investigated using unfolded 
FhuA CVFTEV in 1 % (w/w) SDS aqueous solution at 25°C (Table 28). Conversion and trans/cis 
ratio was determined by 1H-NMR in CDCl3 
 
Table 28: Catalytic performance for ROMP (Figure 63) using the Grubbs-Hoveyda catalyst coupled to unfolded FhuA ΔCVFTEV 
[Cat] Solvent Time Temp. pH Conversion trans/cis 
0.1 mol% 2 % (v/v) THF 68 h 25°C 7.0 9 % 40 / 60 
0.1 mol% 20 % (v/v) THF 68 h 25°C 7.0 90 % 39 / 62 
 
The coupling of unfolded FhuA ΔCVFTEV to the Grubbs-Hoveyda catalyst and reaction in presence 
of low amounts of THF led to a significant conversion reduction, probably due to diffusion 
limitations of the monomer to a sterically more demanding catalyst site. The unfolded biohybrid 
catalyst showed a slight shift of the cis/trans ratio back to trans compared to free catalyst in 1 % 
(w/v) SDS solution which could be caused by the solvatization effects of THF are not abolished by 
SDS micelles. 
The ROMP activity of the refolded biohybrid catalyst is shown in Table 29. Catalysis was 
performed in water (with THF (10 % (v/v)), 25°C, [a] 1 % (w/w) SDS, [b] degassed phosphate buffer 
(pH7.4, 0.125 mM PE-PEG)). The purification efficiency was tested by using Grubbs-Hoveyda 
carrying the free alcohol [c] (Entry 4). The trans/cis selectivity was determined by 1H-NMR in 
CD2Cl2 at 25°C. The catalyst concentration was 0.1 mM and monomer concentration 1 M. Catalyst 
loading was calculated using initial FhuA ΔCVFTEV concentration and the actual coupling efficiency 
determined by cysteine fluorescence titration with MMBC. 
Table 29: Catalytic performance for ROMP (Figure 63) using the Grubbs-Hoveyda-FhuA ΔCVFTEV biohybrid catalyst47 
Entry Catalyst Conversion Time trans/cis TON 
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1 FhuA ΔCVFTEV 0 % 92 h n.d. n.d. 
2 Grubbs-Hoveyda[a] 98 % 44 h 30 / 70 980 
3 Grubbs-Hoveyda[b] 70 % 44 h 52 / 48 530 
4 
FhuA ΔCVFTEV + Grubbs-
Hoveyda[c] 
0 % 92 h n.d. n.d. 
5 GH-FhuA ΔCVFTEV[b] 37 % 68 h 44 / 56 365 
 
The blank run using the unmodified FhuA ΔCVFTEV showed no ROMP activity (Entry 1). The ROMP 
activity of the free Grubbs-Hoveyda catalyst showed very high conversion (98%) and a cis 
selectivity of about 70 % in aqueous solution with SDS and THF as cosolvent (Entry 2). Using the 
free catalyst in 0.1 M phosphate buffer (pH7.4) with 0.125 mM PE-PEG resulted in a significant 
drop in conversion rates and a selectivity change to trans:cis ratio of 52:48 (Entry 3). That implies 
that the influence of the ionic detergent SDS on the selectivity is much stronger than that of PE-
PEG, which led to comparable trans/cis ratios like free catalyst in water. 
When mixing the Grubbs-Hoveyda catalyst with the free alcohol (lacking the linker) with 
FhuA ΔCVFTEV and subsequent purification with THF and refolding no conversion was observed. 
This proofed the efficiency of the purification procedure and excluded possible immobilization 
on other amino acids of FhuA ΔCVFTEV than cysteine. 
The refolded biohybrid catalyst revealed conversions of about 37 % and a reduced TON, probably 
due to reduced activity caused by diffusion limitations of the monomer into the FhuA ΔCVFTEV 
barrel. The biohybrid catalyst showed a slight change of the selectivity towards cis (from 48 % to 
56 %). This indicates that the environment provided by FhuA CVFTEV around the generated 
active center influenced the ROMP but could be further improved by protein engineering and 
catalyst optimization. Possible structures during the transition state leading to stereo 
discrimination are shown in Figure 64. The whole catalytic cycle is shown in Figure 65. 
 
Figure 64: Steric interactions during the transition state of the propagating polymer chain with the mesityl-function of the 
NHC-ligand caused by the the surrounding provided by FhuA CVFTEV results in increased formation of cis polyoxanorbonene 
(kinetically favoured product) 
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Figure 65: Catalytic cycle for the ROMP of 7-oxanorbonene catalyzed by FhuA CVFTEV-Grubby-Hoveyda leading to cis-
polyoxanorbonene 
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2.3 Conclusions 
 
A FhuA variant suitable for binding metal catalysts, FhuA ΔCVFTEV, was designed and 
successfully expressed in large scale. Extraction of FhuA variants using SDS and subsequent 
refolding by dialysis was established resulting in about 4 mg/ml with purity of about 90 %. The 
refolding process and parameters of FhuA ΔCVFTEV were optimized regarding ionic strength, 
folding additives and minimal detergent amount. The stability of FhuA CVFTEV at different pH 
value, in organic solvents and reduced different detergent amounts was to discover the 
limitations of FhuA ΔCVFTEV-use in chemical transformations. FhuA ΔCVFTEV showed highest 
stability in presence of 20 % (v/v) THF and isopropanol without any alterations in their 
secondary structures observed. It was furthermore found that FhuA ΔCVFTEV can be refolded 
in PE-PEG below its CMC, showing that micelle like structures are not necessary to ensure the 
native folding state of FhuA ΔCVFTEV. However, reducing pH and detergent amount led to a 
decrease in organic solvent tolerance and long term stability.  
Three catalysts based on rhodium or ruthenium were successfully anchored in FhuA ΔCVFTEV 
at the defined position using the covalent bond between a maleimide moiety and the free 
thiol of cysteine. MALDI-TOF-mass spectrometry and cysteine titration were used to detect 
the coupling of catalysts to FhuA CVFTEV.  
Grubbs-Hoveyda-FhuA ΔCVFTEV biohybrid catalyzed ring-opening polymerization (ROMP) of 7-
oxanorbonene with high conversion and a slight selectivity effect on the cis/trans ratio of the 
resulting polymer.  
The attempts of using other catalysts (rhodium-based for phenylacetylene polymerization, 
ruthenium-based for Diels-Alder-reaction) resulted in FhuA CVFTEV precipitation by 
monomers (for the rhodium-based catalysts) or non-active anchored catalysts (ruthenium-
based catalysts). 
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Chapter 3: Engineering of FhuA towards selectivity  
 
3.1 Experimental part 
3.1.1 Design, Cloning, Expression, Extraction, Purification of FhuA selectivity 
variants 
 
Design of FhuA ΔCVFTEV selectivity variants 
 
Molecular modeling of FhuA CVFTEV-Grubbs-Hoveyda catalyst was performed according to 
Chapter 2: to identify residues possibly influencing the selectivity. An orientation of the 
catalyst towards the extracellular and intracellular rim of FhuA ΔCVFTEV was modelled .Key 
residues were identified in a 5 Å sphere around the catalyst on condition that substitution by 
aromatic or bulky amino acids leads to significantly reduced catalyst accessibility. 4 key 
residues (Gln505, Ser573, Asp612 and Asn708) were used to achieve stereocontrol by 
exchange to sterically demanding amino acids (Tyr, Trp, Phe, Met) using YASARA and FoldX 190 
plugin191. 
 
Generation of FhuA ΔCVFTEV selectivity variants 
 
The tyrosine variants of FhuA ΔCVFTEV were generated using site-directed mutagenesis (SDM). 
Oligonucleotide primers (Table 30) were designed to introduce tyrosine at positions 505, 573, 
612, 708 by 2-step PCR (Table 31). Combinations of tyrosine exchange were performed based 
on the generated single mutants. 
 
Table 30: Primer for SDM for introduction of tyrosine to FhuA ΔCVFTEV at positions Gln505, Ser573, Asp612 and Asn708 
Primer Sequence (5’ - 3’) 
GC-
content 
[%) 
Tm 
[°C] 
FhuA_Q505Y_fwd TCGTTTTTCCCTTCTTCGTATGTTGGGAAGGAAAACCTG 43.6 70.5 
FhuA_Q505Y_rev GTTTTCCTTCCCAACATACGAAGAAGGGAAAAA 39.4 65.8 
FhuA_S573Y_fwd CAAGGGTCCTTCTTCTATGTTGAAGGTGGCGAG 51.5 70.7 
FhuA_S573Y_rev CTCGCCACCTTCAACATAGAAGAAGGACCCTTG 51.5 70.7 
FhuA_D612Y_fwd GCGGAATACACCACCTATACTACCTATAAAGGC 45.5 68.2 
FhuA_D612Y_rev GCCTTTATAGGTAGTATAGGTGGTGTATTCCGC 45.5 68.2 
FhuA_N708Y_fwd GTCGCCAGCTGCTTTTATACTTATGGCTGCTTC 48.5 69.5 
FhuA_N708Y_rev GAAGCAGCCATAAGTATAAAAGCAGCTGGCGAC 48.5 69.5 
Primers were diluted with ddH2O to obtain a stock concentration of 10 µM. 
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Table 31: PCR mix for site-directed mutagenesis (SDM) 
Amount Compound 
1 µl (50 ng) Plasmid DNA 
1 µl dNTP-Mix 
5 µl PfuS-polymerase buffer 
0.5 µl PfuS-polymerase 
40.5 µl ddH2O 
 
PCR-mix was split into two times 24 µl and 1 µl of primer was supplemented to the respective 
mix. A 2-step PCR using Mastercycler Pro S (Eppendorf) was performed. After three cycles fwd- 
and rev-primers were mixed and PCR was performed for another 12 cycles (Table 32). The 
following removal of parental DNA was performed by enzymatic digestion with DpnI (Table 
33) at 37°C for 16-18 h. 
 
Table 32: 2-step PCR program for site-directed mutagenesis 
Step Temperature Time 
Initial denaturation 98°C 30 sec 
Denaturation 98°C 10 sec 
Annealing 62°C 30 sec 
Elongation 72°C 4.5 min 
Mix of fwd- and rev-primers 
Initial denaturation 98°C 30 sec 
Denaturation 98°C 10 sec 
Annealing 62°C 30 sec 
Elongation 72°C 4.5 min 
Final elongation 72°C 5 min 
 
Table 33: DpnI digestion of PCR product 
Amount Compound 
50 µl PCR product 
1 µl DpnI 
 
The size of insert and vector were confirmed by restriction with EcoRI and XhoI and agarose 
gel electrophoresis. The obtained constructs were sequenced (MWG Eurofins, Ebersberg). 
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Expression of FhuA CVFTEV tyrosine variants in E. coli BL21 (DE3) and Omp8 
 
The plasmid pPR-IBA1 FhuA-ΔCFVTEV_Y1-1234 was transformed into E. coli Omp8 cells by heat 
shock and into Bl21 Gold (DE3) also by electroporation. After overnight incubation on LBA 
plates, a preculture was inoculated with one single colony in 5 ml LBA (1mM ampicillin). After 
reaching an OD600 of 1.0 glycerol stocks were made and stored at -80°C. The preculture in LBA 
was inoculated from the glycerol stock and grown for 12-16h at 30°C. The main culture in TYA 
(1 mM ampicillin) was inoculated with an OD600 0.15 – 0.2. After reaching an OD600 of 1 – 1.2 
SDS-samples were taken and expression was induced by supplementing Isopropyl-β-D-
thiogalactopyranoside (IPTG, 1mM). After reaching the stationary phase (14-16 h) cells were 
harvested by centrifugation (20 min, 4000 rpm/3220 g, 4°C, centrifuge 5810 R, rotor A-4-81, 
Eppendorf, Germany) and expression was confirmed by SDS-PAGE. Until extraction the pellet 
is stored at -20°C. 
 
Extraction of FhuA ΔCVFTEV tyrosine variants 
 
Extraction of FhuA CVFTEV variants was performed as described in 2.1.1 (Extraction FhuA 
ΔCVFTEV by solubilization with sodium dodecyl sulfate (SDS)). 
 
3.1.2 Investigation of the structural integrity of FhuA ΔCVFTEV tyrosine variants 
 
Refolding by dialysis was performed as described in 2.1.2. The final FhuA ΔCVFTEV solution 
contained 10 mM phosphate buffer (pH 8), 0.125 mM PE-PEG and 1 mM EDTA. 
Samples were measured with the OLIS CD-Spectrophotometer DSM-17 (OLIS, NY, USA) with 
nitrogen flows of 10 l/min in chamber, monochromator and lamp case (140 W, water-cooled 
xenon arc lamp, Hamamatsu). The samples were diluted with the respective buffer to 
600 µg/ml. 140 µl were prepared in 0.5 mm quartz cuvettes (Suprasil, 106-QS, Hellma) and 
measured in 1 nm steps with a slid with of 1 nm and 2 nm bandwidth at 20 nm/min. Baselines 
were taken in the respective sample buffer. The resulting spectra were measured as average 
of 5 distinct data sets, normalized to 0 millidegrees at 240 nm. 
 
3.1.3 Catalyst synthesis 
 
Grubbs-Hoveyda-C(1-3)-maleimide 
 
Grubbs-Hoveyda catalysts bearing different linkers at the NHC-ligand were synthesized by 
Daniel Sauer (Figure 66). 
 
                                                     
 Grubbs-Hoveyda type catalysts were synthesized by D. F. Sauer, Institut für Anorganische Chemie, Prof. J. 
Okuda, RWTH Aachen 
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Figure 66: Grubbs-Hoveyda catalyst with a) C3, b) C2 and c) C1 spacer between NHC and maleimide moiety 
 
3.1.4 Coupling of Grubbs-Hoveyda type catalyst to FhuA ΔCVFTEV tyrosine variants 
and conjugation analytics 
 
Coupling of Grubbs-Hoveyda-C(1-3)-maleimide to FhuA ΔCVFTEV_Y 
 
Coupling of Grubbs-Hoveyda catalyst and its linker variations was carried out as described in 
section 2.1.3-Grubbs-Hoveyda. 
 
Fluorescence titration of cysteine using MMBC (ThioGlo) 
 
Determination of cysteine modifications by fluorescence titration using MMBC were 
performed as described in section 2.1.4-Cysteine titration. 
 
MALDI-TOF-MS analysis 
 
The TEV-protease digestion of FhuA ΔCVFTEV and the generated biohybrid catalyst FhuA 
CVFTEV-Grubbs-Hoveyda_C2 was performed according to section 2.1.4-MALDI-TOF-MS. 
The crude digestion mixture was investigated by MALDI-TOF-MS as described in section 2.1.4-
MALDI-TOF-MS. 
 
Secondary structure determination using circular dichroism 
 
The secondary structure of the generated FhuA ΔCVFTEV variants Y1234, Y234, Y134 and Y2 
and the resulting biohybrid catalyst was determined using circular dichroism as shown in 
section 2.1.2. 
 
                                                     
 Coupling of Grubbs-Hoveyda type catalyst to FhuA was performed with D. F. Sauer, S. Gotzen, Institut für 
Anorganische Chemie, Prof. J. Okuda, RWTH Aachen 
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3.1.5 Determining catalytic activity of the constructed biohybrid catalysts based 
on FhuA ΔCVFTEV 
 
Ring-opening metathesis polymerization (ROMP) 
 
The ROMP activity of the generated biohybrid catalysts was determined with 
7-oxanorbornene as monomer as described in 2.1.5-Ring-opening metathesis polymerization. 
 
3.1.6 Determining catalytic activity of the biohybrid Grubbs-Hoveyda catalyst based 
on membrane expressed FhuA ΔCVFTEV in whole cell transformations with E. 
coli 
 
The preparation of a whole cell based biohybrid catalyst was performed with pre-extracted 
cells containing broken cell membrane harboring FhuA ΔCVFTEV and washed whole cells.  
 
For the first approach based on the membrane fraction the expression of FhuA was confirmed 
by SDS-PAGE. The E. coli cells containing FhuA ΔCVFTEV were then disrupted by French press 
Emulsi Flex homogenisator) using a lysis buffer (20 mM NaPi, 2.5 mM MgCl2, 0.1 mM CaCl2, 
pH 8, 10 µM PMSF). After cell disruption first extraction step was performed with extraction 
buffer containing additional 2 % (v/v) Triton X-100 to permeabilize the membrane by 
incubation at 37°C with 200 rpm horizontal shaking. To separate broken cell membrane 
containing membrane proteins from soluble parts of the cells the suspension was centrifuged 
for 45 min with 20000 rpm/48253 g (50.2Ti, BeckmanCoulter) at 4°C. Residual Triton X-100 
removed by washing 3 times with 5 ml ddH2O. 
The resulting pellet was resuspended in ddH2O (pH 7), Grubbs Hoveyda catalyst was 
supplemented dissolved in THF to obtain 2 % (v/v) respectively 20 % (v/v) final THF 
concentration. The suspension was incubated at room temperature while stirring for 12 h. 
Remaining free catalyst was washed with THF. The pellet was dried in vacuo and resuspended 
in 100 mM phosphate buffer (pH 7).  
Catalytic performance was investigated using 7-oxanorbonene (0.1 M) as monomer for 24 h 
at 25°C und argon atmosphere. Suspension was dried in vacuo and polymer was solubilized in 
CDCl3. Conversion and trans/cis content were determined by 1H-NMR. 
 
For the second approach using the intact cells with FhuA ΔCVFTEV the harvested pellet was 
washed with ddH2O and resuspended ddH2O (pH 7). Grubbs Hoveyda catalyst was 
supplemented in THF (20 % (v/v) final concentration). The suspension was stirred for 24 h at 
room temperature, dried in vacuo and washed with THF. The remaining solid was resuspended 
in ddH2O (pH 7) and 7-oxanorbonene (0.1 M) was supplemented as monomer. Reaction 
mixture was stirred for 24 h at 25°C und argon atmosphere. Suspension was dried in vacuo 
                                                     
 Ring-opening metathesis polymerization was performed with D. F. Sauer, S. Gotzen, Institut für Anorganische 
Chemie, Prof. J. Okuda, RWTH Aachen 
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and polymer was solubilized in CDCl3. Conversion and trans/cis content were determined by 
1H-NMR. Cells expressing FhuA_Δ1-159 (without cysteine) were used as negative control 
[experiments were performed with S. Gotzen, Institute for Inorganic Chemistry, RWTH 
Aachen]. 
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3.2 Results and Discussion 
3.2.1 Engineering, cloning, expression, extraction and purification of FhuA ΔCVFTEV 
tyrosine variants 
 
Design of FhuA ΔCVFTEV selectivity variants 
 
Starting from FhuA ΔCVFTEV 4 residues were identified which possibly influence the stereo 
selectivity of the biohybrid catalyst in ring-opening metathesis polymerizations. An orientation 
of the catalyst towards the extracellular rim of FhuA ΔCVFTEV was assumed. Key residues were 
identified in a 5 Å sphere around the catalyst on condition that substitution by aromatic or 
bulky amino acids leads to significantly reduced catalyst accessibility. The performed FoldX190 
analysis by using the implemented plugin191 in YASARA resulted in the identification of 
stabilized variants. The best predicted amino acid substitution was tyrosine (Table 34), which 
is a comparable bulky amino acid but does not destabilize the FhuA ΔCVFTEV unlike tryptophan.  
 
Table 34: Stabilization energy calculated by FoldX for residue exchange of Gln505, Ser573, Asp612 and Asn708 
Position Mutation 
Stabilization energy 
ΔΔG[kcal/mol) 
Gln505 
Tyr -0.62 
Trp -0.41 
Phe -0.96 
Met -0.81 
Ser573 
Tyr -1.08 
Trp -0.97 
Phe -1.30 
Met -1.53 
Asp612 
Tyr 1.11 
Trp 2.36 
Phe -0.14 
Met -0.12 
Asn708 
Tyr -0.02 
Trp 1.34 
Phe 1.02 
Met 0.73 
                                                     
 with Dr. M. Bocola, Lehrstuhl für Biotechnologie, RWTH Aachen 
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Based on the calculated stabilization energies tyrosine was chosen as substituent for all 
positions because among the steric demanding amino acids it showed the least negative 
influence on FhuA stability. Therefore the designed FhuA ΔCVFTEV_Y variants for biohybrid 
catalysts with improved selectivity include the exchanged residues Gln505Tyr = Y1, 
Ser573Tyr = Y2, Asp612Tyr = Y3 and Asn708Tyr = Y4 to achieve steric pressure (Figure 67, 
Figure 68). The exchanges were performed in different combinations to investigate the 
influence of single exchanges and synergistic effects of multiple exchanges.  
 
   
Figure 67: A) Grubbs-Hoveyda catalyst coupled to FhuA ΔCVFTEV. Key residues are labeled. B) Solvent accessibility of the 
active site for FhuA ΔCVFTEV. Key residues are highlighted in green. Figures were prepared with YASARA 13.2.2. 
 
 
   
Figure 68: A) Grubbs-Hoveyda catalyst coupled to FhuA ΔCVFTEV_Y variants. Mutated key residues are labeled. B) Solvent 
accessibility of the active site for FhuA ΔCVFTEV_Y variants. Mutated key residues are highlighted in red. Figures were 
prepared with YASARA 13.2.2. 
 
The sterically restricted accessibility of the catalyst for the monomer within the barrel may 
reduce the conversion, but could change the preference for the thermodynamically preferred 
trans-product to the cis-product. 
 
Gln505 
Asn708 
Ser573 
Asp612 
Q505Y 
N708Y 
S573Y 
D612Y 
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Cloning of FhuA ΔCVFTEV selectivity variants 
 
The success of the SDM by PCR was confirmed by agarose gel electrophoresis (Figure 69) and 
restriction with EcoRI and XhoI (Figure 70). The obtained constructs were sequenced (MWG 
Eurofins) using T7 forward and T7 terminal primer and a specifically designed primer for FhuA 
to cover the internal region (Table 5, section 2.1.1). 
 
Figure 69: Agarose gel electrophoresis (1% Agarose, 90 V, 50 W, 40 min, gel red staining) of PCR product pPR-IBA1_FhuA 
ΔCVFTEVY1-4 (4657 bp) after DpnI digestion. M = marker (GeneRuler 1kB, Fermentas, Germany), Y1-4 = FhuA ΔCVFTEV_Y1-4 
(100 ng), PCR mix without primer was used as control (-)  
 
Figure 70: Agarose gel electrophoresis (1% Agarose, 90 V, 50 W, 40 min, gel red staining) of FhuA ΔCVFTEVY1-4 (1818 bp) on 
pPR-IBA1 (2839 bp). M = marker (GeneRuler 1kB, Fermentas, Germany), Y1-4 = FhuA ΔCVFTEV_Y1-4 (100 ng) restricted with 
EcoRI and XhoI 
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All variants were successfully generated (data shown for Y1-Y4). After transformation into 
DH5α LB-Amp medium (5 ml) was inoculated with single colonies and incubated overnight at 
37°C. The plasmid extraction from the cultures gave DNA with an average amount of 400 ng/µl 
with good purity. The plasmid constructs were sequenced by MWG Eurofins using T7, T7 
terminator and a designed internal primer (see Table 5). 
 
Expression of FhuA ΔCVFTEV selectivity variants 
 
The FhuA ΔCVFTEV_Y variants were expressed using the BL21 (DE3) expression system In TY-
Amp media with LB-Amp precultures. The transformation with heat shock was working only 
in few cases and resulted in a low number of colonies. With single clones a LB-Amp tube was 
inoculated and incubated overnight at 37°C. The overnight culture was used to prepare 
glycerol stocks. The preculture in LB-Amp was inoculated from the glycerol stocks and 
incubated overnightThe main culture was inoculated with preculture to obtain a start OD600 
of at least 0.2. After reaching OD600 of 0.6-0.9 the culture was induced with 1 mM IPTG. Cells 
were harvested after overnight incubation at 30°C by centrifugation and expression checked 
by SDS-PAGE (Figure 71). 
 
   A         B    C   D 
 
Figure 71: SDS-PAGE (10% gel, 18 mA, 50 W, 1 h, 5 µl sample) of expression of FhuA ΔCVFTEV_Y variants in shaking flasks, 
M = marker (Fermentas pre-stained protein ladder), BI = before induction, AI = 20 h after induction with IPTG. 
A) FhuA ΔCVFTEV_Y1234, B) FhuA ΔCVFTEV_Y124, C) FhuA ΔCVFTEV_Y234 and D) FhuA ΔCVFTEV_Y2. The arrow indicates FhuA 
CVFTEV_Y expression 
 
The tyrosine variants FhuA ΔCVFTEV_Y1234, Y124, Y234 and Y2 were successfully expressed in 
shaking flasks. However, the expression of the different FhuA ΔCVFTEV variants remained 
challenging. 
The bottleneck of the expression seemed to be a successful transformation. The heat shock 
procedure only led in the case of Y2 to a successful expression, even though DNA quality was 
good and restriction checks of the plasmids showed the correct fragments. The 
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electroporation method resulted in higher colony number and more reliable FhuA ΔCVFTEV_Y 
expression. 
 
Extraction of FhuA ΔCVFTEV tyrosine variants 
 
The extraction of the FhuA CVFTEV tyrosine variants was performed using the shortened SDS-
extraction procedure (e.g. FhuA ΔCVFTEV_Y1234 in Figure 72). The extraction resulted in 
solubilized FhuA ΔCVFTEV_Y1234 with around 4 mg/ml (determined with BCA-assay) and 
purities of about 85 % (determined with Image J). The extraction results for the variants Y124 
and Y234 were similar. 
 
 
Figure 72: SDS-PAGE of FhuA ΔCVFTEVY1234 solubilization with 1.25% SDS (10 % gel, 18 mA, 50 W, 1h, 8 µl sample). 
M =marker (Fermentas), E1 = supernatant after cell disruption and 1st extraction step using Triton-X (P1 = respective pellet 
after centrifugation), E2 = supernatant after 0.1 % SDS extraction (P2 = respective pellet after centrifugation), S = 
supernatant after 1.25 % SDS solubilization (P3 = respective pellet after centrifugation) 
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3.2.2 Secondary structure analysis of FhuA ΔCVFTEV selectivity variants 
 
The influence of the introduced mutations (Gln505Tyr, Ser573Tyr, Asp612Tyr and Asn708Tyr) 
on the secondary structure were investigated using circular dichroism. Figure 73 shows that 
introducing the four tyrosines did not significantly influence the secondary structure of 
FhuA ΔCVFTEV_Y1234. 
 
 
 
Figure 73: CD spectrum of FhuA ΔCVFTEV_Y1234 refolded by dialysis with optimized folding conditions measured with CD 
spectroscopy (0.4 mg/ml, Olis DSM 17, 0.5 mm cuvette). The respective baselines were directly subtracted. Recorded data 
were smoothed using the Savitzky-Golay filter220 
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3.2.3 Catalyst synthesis 
Grubbs-Hoveyda-C(1-3)-maleimide 
 
Grubbs-Hoveyda catalysts bearing different linkers at the NHC-ligand were synthesized by 
Daniel Sauer (Figure 74). 
 
 
Figure 74: Grubbs-Hoveyda catalyst with a) C3, b) C2 and c) C1 spacer between NHC and maleimide moiety 
 
  
                                                     
 Synthesis of Grubbs-Hoveyda type catalysts was performed by D. F. Sauer, Institut für Anorganische Chemie, 
Prof. J. Okuda, RWTH Aachen 
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3.2.4 Coupling of Catalyst to FhuA ΔCVFTEV and conjugation analytics 
 
Coupling of Grubbs-Hoveyda catalyst and its linker variations was carried out as described in 
section 2.1.3-Grubbs-Hoveyda. 
Fluorescence titration of cysteine using MMBC (ThioGlo) 
 
Determination of cysteine modifications by fluorescence titration using MMBC were 
performed to confirm covalent modification of cysteine of FhuA ΔCVFTEV_Y1234 coupled with 
Grubbs-Hoveyda type catalyst with C3-linker and FhuA ΔCVFTEV coupled with Grubbs-Hoveyda 
type catalyst with C2-linker [unpublished results with S. Gotzen and D. Sauer, Institute for 
Inorganic Chemistry, RWTH Aachen] (Figure 75). 
 
Figure 75: Fluorescence intensity of cysteine titration with MMBC (ThioGlo1, 30 µM) and 10 µM FhuA ΔCVFTEV/Y1234 in 
sodium phosphate buffer (10 mM, pH 7.4, 0.125 mM PE-PEG, 1 mM EDTA) after incubation for 2h at room temperature. 
The figure shows fluorescence intensity of unmodified FhuA ΔCVFTEV, FhuA ΔCVFTEV coupled to Grubby-Hoveyda catalyst in 
10 % (v/v) THF and unmodified FhuA ΔCVFTEV_Y1234 and FhuA ΔCVFTEV_Y1234 coupled to Grubby-Hoveyda-(C2) catalyst in 
10 % (v/v) THF. Background of buffer was directly subtracted. Fluorescence was measured using TECAN Infinite M1000 Pro 
plate reader 
The fluorescence titration showed a modification of cysteine when using the Grubbs-Hoveyda 
type catalyst with C3-linker. A coupling efficiency of about 95 % was achieved indicating that 
the tyrosine mutations did not reduce the access of the catalyst to the binding site by steric 
hindrance. Applying the C2-linker to FhuA ΔCVFTEV the coupling was achieved, but with a 
significant lower coupling efficiency of about 75 %. This indicates that the shortened linker 
length aggravates the unhindered access to the free thiol of cysteine. 
                                                     
 Coupling of Grubbs-Hoveyda type catalyst to FhuA was performed with D. F. Sauer, S. Gotzen, Institut für 
Anorganische Chemie, Prof. J. Okuda, RWTH Aachen 
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MALDI-TOF-MS analysis 
 
The MALDI-TOF-MS measurement of the coupling of the new designed Grubbs-Hoveyda type 
complex with a C2 linker to the maleimide is shown in Figure 76. The mass analysis showed 
that Grubbs-Hoveyda-C2 was successfully attached to FhuA ΔCVFTEV. However, the molecular 
peak (calc. 6717.6 Da) could not be observed. Instead the spectrum shows a similar 
fragmentation pattern like the C3 linker described earlier. The unmodified fragment of 
FhuA ΔCVFTEV was found at 5910.5 Da (calc. 5908.6 Da). The fragment 6095.3 Da (calc. 6095.6 
Da) corresponds to a saponification of the linking ester at the NHC-ligand and hydrolysis of the 
maleimide ring. The ester cleavage without subsequent hydrolysis appears at 6077.5 Da (calc. 
6077.6 Da). All these indicate the successful coupling of the Grubbs-Hoveyda-C2 to 
FhuA ΔCVFTEV. 
 
 
Figure 76: MALDI-TOF-MS of FhuA ΔCVFTEV and Grubbs-Hoveyda-C2-FhuA ΔCVFTEV. The unmodified fragment of 
FhuA ΔCVFTEV was found at 5910.5 Da (calc. 5908.6 Da). The fragment 6095.3 Da (calc. 6095.6 Da) corresponds to a 
saponification of the linking ester at the NHC-ligand and hydrolysis of the maleimide ring. The ester cleavage without 
subsequent hydrolysis appears at 6077.5 Da (calc. 6077.6 Da). The fragmentation pattern confirms a successful coupling 
even without the metal 
Secondary structure determination using circular dichroism 
 
The secondary structure of the generated FhuA ΔCVFTEV variants Y1234, Y234, Y134 and Y2 
and the resulting biohybrid catalysts was determined using circular dichroism as shown in 
section 2.1.2. (Figure 77 and Figure 78). From the CD spectra one can see that there is no 
significant influence of the catalyst coupling and purification procedure on the secondary 
structure of FhuA ΔCVFTEV and FhuA ΔCVFTEV_Y1234. Spectral changes at wavelength below 
                                                     
 MALDI-TOF-MS measurement was performed with D.F. Sauer, Institut für Anorganische Chemie, Prof. J. Okuda, 
RWTH Aachen and M. Brocker, ICS 2, Forschungszentrum Jülich 
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200 nm are probably resulting from the absorption of the attached Grubbs-Hoveyda catalyst 
itself. 
 
Figure 77: CD spectrum of Grubbs-Hoveyda-FhuA ΔCVFTEV_Y1234 refolded by dialysis with optimized folding conditions 
measured with CD spectroscopy (0.4 mg/ml, Olis DSM 17, 0.5 mm cuvette). The respective baselines were directly 
subtracted. Recorded data were smoothed using the Savitzky-Golay filter220 
 
Figure 78: CD spectrum of Grubbs-Hoveyda-(C2)-FhuA ΔCVFTEV refolded by dialysis with optimized folding conditions 
measured with (0.4 mg/ml, Olis DSM 17, 0.5 mm cuvette). The respective baselines were directly subtracted. Recorded 
data were smoothed using the Savitzky-Golay filter220  
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3.2.5 Determining catalytic activity of the biohybrid catalysts based on 
FhuA ΔCVFTEV 
 
Ring-opening metathesis polymerization (ROMP) 
 
The ROMP activity of the generated biohybrid catalysts was determined with 
7-oxanorbornene as monomer as described in 2.1.5 - Ring-opening metathesis 
polymerization. 
 
Table 35: Catalytic results for ROMP using the Grubbs-Hoveyda-FhuA ΔCVFTEV biohybrid catalyst 
Entry Catalyst pH Conversion  Time cis/trans TON 
1 Grubbs-Hoveyda[c] 7.4 90 % 68 h 52 / 48 900 
2 Grubbs-Hoveyda[c] 5.8 >99 % 68 h 50 / 50 990 
3 
FhuA ΔCVFTEV + Grubbs-
Hoveyda[c] 
7.4 0 % 92 h n.d. n.d. 
4 GH-FhuA ΔCVFTEV[b] 7.4 37 % 68 h 56 / 44 365 
5 GH-C2-FhuA ΔCVFTEV[b] 7.4 0 % 68 h n.d. n.d. 
6 GH-C1-FhuA ΔCVFTEV[b] 7.4 0 % 68 h n.d. n.d. 
7 GH-C2-FhuA ΔCVFTEV[b] 5.8 24 % 68 h 56 / 44 325 
8 GH-C1-FhuA ΔCVFTEV[b] 5.8 41 % 68 h 58 / 42 555 
9 
GH-FhuA 
ΔCVFTEV_Y1234[b] 
7.4 0 % 68 h n.d. n.d. 
 
The tyrosine variants of FhuA ΔCVFTEV (Y1234, Y124) showed no conversion at pH 7.4. This 
could be caused by the encapsulation of the monomer into detergent micelles which are too 
big to enter the FhuA channel (60 nm of micelles vs. 1.1 nm inner channel diameter). A possible 
solution could be the reduction of the PE-PEG concentration below the CMC. Circular 
dichroism measurements showed that even at even at 1 % of the original concentration 
(0.00125 mM) FhuA ΔCVFTEV exhibits typical β-barrel structure, however, with reduced solvent 
stability. Below the CMC PE-PEG does not form micelles, thus the monomer should not be 
encapsulated and should enter the channel. 
The shorter linkers (C2 and C1) also did not show ROMP activity at pH 7.4. Below pH 5.8 
conversions up to 41 % were observed, but it seems that this is accompanied with protein 
precipitation since bulky whitish precipitates were observed during reaction. Protein 
concentration after centrifugation confirmed total protein precipitation.  
 
                                                     
 Ring-opening metathesis polymerization was performed with D. F. Sauer, S. Gotzen, Institut für Anorganische 
Chemie, Prof. J. Okuda, RWTH Aachen 
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3.2.6 Determining catalytic activity of the biohybrid Grubbs-Hoveyda catalyst based 
on membrane expressed FhuA ΔCVFTEV in whole cell transformations with E. 
coli 
 
FhuA ΔCVFTE can tolerate high concentrations of organic solvents (≥20 % (v/v) THF and 
isopropanol) and a wide pH range (5.5-10). However, combination of lowered pH and organic 
cosolvent led to destabilization of FhuA CVFTEV. Furthermore influence detergents the 
catalytic activity of the generated biohybrid catalysts. The formation of micelles is also 
increasing the diffusion limitation of substrate to the active site within the channel. To exclude 
detergent effects and broaden substrate scope by improving the protein stability, the 
functionalization of FhuA in its natural environment could be directly performed in whole cells 
expressing FhuA ΔCVFTEV in the outer membrane (Figure 79). The latter will also renders the 
prior extraction unnecessary and simplifies the screening for improved FhuA variants during 
protein engineering. 
 
Figure 79: Representation of FhuA ΔCVFTEV located in fractions of E. coli outer membrane 
 
The preparation of a whole cell based biohybrid catalyst was performed with pre-extracted 
cells containing broken cell membrane harboring FhuA ΔCVFTEV and washed whole cells.  
 
Catalytic performance of membrane fraction harboring FhuA ΔCVFTEV was investigated using 
7-oxanorbonene (0.1 M) as monomer for 24 h at 25°C in 10 % (v/v) THF under argon 
atmosphere. Suspension was dried in vacuo and polymer was solubilized in CDCl3. Conversion 
and trans/cis content were determined by 1H-NMR (Table 36). 
 
 
                                                     
 Ring-opening metathesis polymerization was performed with D. F. Sauer, S. Gotzen, Institut für Anorganische 
Chemie, Prof. J. Okuda, RWTH Aachen 
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Table 36: Catalytic results for ROMP using the Grubbs-Hoveyda-FhuA ΔCVFTEV biohybrid catalyst as whole cell catalyst 
(Entry 1 and 2) compared to free Grubbs-Hoveyda catalyst (Entry 3) 
Entry Time  Coupling solvent  pH Conversion  trans/cis 
1 24 h 2 % (v/v) THF 7 31 % 45 / 55 
2 24 h 20 % (v/v) THF 7 49 % 36 / 64 
3 68 h - 7.4 90 % 52 / 48 
 
The first attempts of coupling Grubbs-Hoveyda catalyst to FhuA ΔCVFTEV located within the 
biological lipid bilayer showed conversion of 31% and 49% in ring-opening metathesis 
polymerization with a slight preference for cis. An increased solvent amount during coupling 
seemed to result in higher conversions and more cis-selectivity. This could be a consequence 
of higher coupling efficiency due to improved solubility of Grubbs-Hoveyda in water by THF.  
These first promising results need to be verified by comparing conversion with cells expressing 
the FhuA Δ1-159 (without free cysteine) to determine the matrix influence on conversion and 
selectivity. The whole cell biohybrid catalyst with washed cells expressing FhuA ΔCVFTEV 
coupled to Grubbs-Hoveyda complex showed no conversion at all. This raised the question 
whether inhibiting agents (for coupling and/or ROMP reaction) present in the cytosol of the 
cells are released if minor cell amounts are lysed. Another possibility could be that a major 
part of the inclusion bodies in the pre-extracted cells were functionalized with Grubbs-
Hoveyda und thus contributed to the catalytic performance. Furthermore, to address the 
challenges in whole biohybrid catalyst conversions, the exact amount of FhuA ΔCVFTEV present 
in the outer membrane needs to be determined (in comparison to the amount expressed into 
inclusion bodies). Furthermore the effect of cell lysis on the coupling efficiency and the 
catalytic performance of the free catalyst need to be investigated. 
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3.3 Conclusions 
 
In order to tune the selectivity of the biohybrid catalyst Grubbs-Hoveyda-FhuA CVFTEV five 
variants (Y2, Y123, Y134, Y234, Y1234) with mutated amino acids surrounding the binding site 
were designed and produced. These variants exhibit tyrosine exchange at up to 4 positions 
simultaneously. Structural integrity of these five variants was confirmed by circular dichroism. 
Anchoring of the Grubbs-Hoveyda type catalyst was achieved with the variant Y1234 and 
confirmed by cysteine titration and MALDI-TOF-MS. Circular dichroism showed the correctly 
folded Grubbs-Hoveyda-FhuA ΔCVFTEV_Y1234 hybrid catalyst with no influence of the bound 
Grubbs-Hoveyda catalyst on the structure of FhuA. In first attempts the hybrid catalyst 
showed no catalytic activity in the desired pH range.  
The chemical optimization of the Grubbs-Hoveyda catalyst resulted in catalyst variants with 
shorter linker length. The C2-linker catalyst was coupled to FhuA ΔCVFTEV. Successful coupling 
was confirmed by cysteine titration and MALDI-TOF-MS revealing a slightly reduced coupling 
efficiency due to steric interaction of the Grubbs-Hoveyda catalyst with the residues 
surrounding the cysteine of FhuA. Circular dichroism showed the correctly folded Grubbs-
Hoveyda-(C2) -FhuA ΔCVFTEV hybrid catalyst with no influence of the bound Grubbs-Hoveyda 
catalyst on the structure of FhuA. So far the hybrid catalyst showed no catalytic activity in the 
desired pH range. 
The first attempts using FhuA ΔCVFTEV in the pre-extracted outer membrane of E. coli showed 
good conversions with preference for the cis-polymer. However, after coupling with Grubbs-
Hoveyda, FhuA ΔCVFTEV whole cells did not show catalytic activity. 
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Summary and outlook 
 
In this thesis the successful construction and characterization of the first membrane protein 
based biohybrid catalyst (FhuA CVFTEV-Grubbs-Hoveyda) was shown. Biohybrid catalysts are 
a new type of catalysts composed of transition metal complexes bound to biomolecular 
scaffolds, e.g. proteins. Combining the complementary features of the proteins second ligand 
sphere (reaction control through space under mild conditions) and the highly active transition 
metal catalysts (reaction control through physical parameters with a broad reaction scope) 
leads to biological-inorganic compositions which impart selectivity to metal catalysts, 
accelerate chemical reactions, and cover the ability for systematic optimization.  
Membrane proteins and FhuA in particular exhibit a very rigid structure and are robust 
towards a wide range of pH values, temperatures and organic solvents, which considerably 
broadens their reaction scope. The use of FhuA based biohybrid catalysts has the potential to 
develop the first whole cell biohybrid catalysts for scalable production. 
The FhuA ΔCVFTEV-Grubbs-Hoveyda biohybrid catalyst represents the only example using a de 
novo designed binding site not derived from natural existing active sites and host-guest 
interactions (e.g. heme proteins, biotin binding proteins or serum albumins). The generation 
of tailor-made cavities for catalysts binding could open a new field of protein-based scaffolds 
for biohybrid catalysts apart from enzyme backbones.  
FhuA ΔCVFTEV-Grubbs-Hoveyda is the first biohybrid catalyst which is moderately active in 
ring-opening metathesis polymerization (ROMP) with slightly altered stereoselectivity of 
polymerization of an oxanorbonene derivative. Water as solvent exceeded the results of 
organic ROMP showing lower PDI values, faster initiation rates and higher molecular mass of 
the resulting polymers. The generation of a biohybrid catalyst for an aqueous environment 
overcomes the catalyst solubility issues and utilizes the proteins diversity for stereo- and 
reaction control which outperforms simple catalyst optimization and immobilization on 
surfaces.  
Systematic optimization of the biohybrid catalyst by chemogenetic engineering to gain insight 
on amino acid substitutions that govern the biohybrid catalysts’ stereoselectivity resulted in 
biohybrid catalyst variants with varied catalyst-linker lengths and amino acid substitutions. 
Based on FhuA 1 159_C545 the FhuA protein was reengineered to ensure a covalent coupling 
of a single free cysteine within the channel domain with metal catalysts using the well-studied 
maleimide moiety. Rational design of FhuA CVFTEV was performed to optimize the amino 
acids surrounding the catalyst binding site and ensuring successful catalyst coupling and 
catalysis. Two TEV-protease-cleavage sites were included in two loops to facilitate the 
cleavage of FhuA CVFTEV into smaller fragments for detection of covalent modification at 
cysteine by MALDI-TOF-MS. The development of a fluorescence based screening method 
allowed fast and easy quantification of cysteine at mild conditions and was used to estimate 
the coupling efficiency. In order to determine the reaction scope of the developed biohybrid 
catalyst a detailed stability study regarding pH, organic solvents and stabilization detergents 
was performed. FhuA ΔCVFTEV operates efficiently at pH values from 5.5 to 10 with a 
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remarkable organic solvent resistance (up to 30 % (v/v) THF and 20 % (v/v) isopropanol) and 
correct folding of FhuA ΔCVFTEV at detergent concentrations below the CMC. Three catalysts 
were successfully coupled to FhuA CVFTEV (rhodium-cycloactadienyl-cyclopentadiene, 
ruthenium-chloro-dicarbonyl-cyclopentadienylmethyl and Grubbs-Hoveyda type catalyst) 
confirmed by cysteine titration and MALDI-TOF-MS measurement. Best results were achieved 
using a modified Grubbs-Hoveyda type catalyst bearing a maleimide moiety for ROMP of 7-
oxanorbonene (37 % conversion, 56 % cis content).  
Future work could comprise the optimization of biohybrid whole cell catalysts with 
membrane expressed FhuA could be a recipe for actual industrial applications of biohybrid 
catalysts. 
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Appendix 
1. Gene sequences 
FhuA ΔCVFTEV 
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FhuA ΔCVFTEV_Y1234 
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2. pKa values of FhuA ΔCVFTEV residues 
 
Residue predicted pKa theoretical pKa 
ASP 171 4,56 3,8 
ASP 179 2,68 3,8 
ASP 182 3,39 3,8 
ASP 185 1,84 3,8 
ASP 186 3,87 3,8 
ASP 187 4,05 3,8 
ASP 224 2,44 3,8 
ASP 225 2,8 3,8 
ASP 265 4,07 3,8 
ASP 287 4,13 3,8 
ASP 292 3,77 3,8 
ASP 320 3,38 3,8 
ASP 336 3,88 3,8 
ASP 348 6,52 3,8 
ASP 349 3,64 3,8 
ASP 358 3,48 3,8 
ASP 369 3,95 3,8 
ASP 371 4,02 3,8 
ASP 379 4,28 3,8 
ASP 386 2,9 3,8 
ASP 394 4,38 3,8 
ASP 395 1,99 3,8 
ASP 409 4,03 3,8 
ASP 411 3,13 3,8 
ASP 416 3,8 3,8 
ASP 438 3,47 3,8 
ASP 443 2,88 3,8 
ASP 454 4,01 3,8 
ASP 457 3,28 3,8 
ASP 469 4,77 3,8 
ASP 472 2,73 3,8 
ASP 473 3,69 3,8 
ASP 487 3,86 3,8 
ASP 509 2,62 3,8 
ASP 538 2,97 3,8 
ASP 559 1,58 3,8 
ASP 606 1,84 3,8 
ASP 612 3,33 3,8 
ASP 633 3,07 3,8 
ASP 638 3,93 3,8 
ASP 659 3,52 3,8 
ASP 673 3,01 3,8 
ASP 679 3,43 3,8 
Residue predicted pKa theoretical pKa 
ASP 699 3,25 3,8 
GLU 163 3,44 4,5 
GLU 209 4 4,5 
GLU 210 5,61 4,5 
GLU 238 3,36 4,5 
GLU 240 4,97 4,5 
GLU 250 4,62 4,5 
GLU 254 4,03 4,5 
GLU 268 5,85 4,5 
GLU 279 4,56 4,5 
GLU 289 4,77 4,5 
GLU 304 4,17 4,5 
GLU 350 4,54 4,5 
GLU 459 3,37 4,5 
GLU 498 4,49 4,5 
GLU 510 3,29 4,5 
GLU 529 5,01 4,5 
GLU 537 4,77 4,5 
GLU 561 3,56 4,5 
GLU 562 4,09 4,5 
GLU 575 3,39 4,5 
GLU 578 3,91 4,5 
GLU 585 5,15 4,5 
GLU 587 4,51 4,5 
GLU 608 4,52 4,5 
GLU 701 4,49 4,5 
GLU 717 5,88 4,5 
HIS 288 6,28 6,5 
HIS 339 6,56 6,5 
HIS 372 7,19 6,5 
HIS 626 6,04 6,5 
HIS 693 5,42 6,5 
CYS 318 99,99 9 
CYS 329 99,99 9 
CYS 552 9,1 9 
CYS 706 99,99 9 
CYS 712 99,99 9 
TYR 190 10,37 10 
TYR 192 10,41 10 
TYR 213 10,43 10 
TYR 234 10,06 10 
TYR 243 16,25 10 
TYR 244 10,21 10 
Residue predicted pKa theoretical pKa 
TYR 275 11,18 10 
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TYR 284 10,43 10 
TYR 313 12,05 10 
TYR 315 10,87 10 
TYR 325 10,1 10 
TYR 340 10,43 10 
TYR 345 10,44 10 
TYR 393 10,26 10 
TYR 403 10,38 10 
TYR 423 10,77 10 
TYR 435 12,31 10 
TYR 453 10,19 10 
TYR 484 10,36 10 
TYR 493 11,26 10 
TYR 496 11,66 10 
TYR 513 10,04 10 
TYR 528 10,35 10 
TYR 534 10,3 10 
TYR 548 10,41 10 
TYR 565 10,07 10 
TYR 602 10,55 10 
TYR 604 10,2 10 
TYR 609 11,58 10 
TYR 615 10,79 10 
TYR 634 10,33 10 
TYR 652 9,9 10 
TYR 657 9,01 10 
TYR 669 10,8 10 
TYR 678 10,18 10 
TYR 702 11,32 10 
TYR 710 11,59 10 
LYS 162 10,81 10,5 
LYS 167 9,66 10,5 
LYS 206 10,53 10,5 
LYS 226 11,88 10,5 
LYS 249 12,15 10,5 
LYS 260 10,36 10,5 
LYS 271 10,52 10,5 
LYS 280 10,24 10,5 
LYS 306 10,65 10,5 
LYS 327 10,93 10,5 
LYS 337 10,24 10,5 
LYS 344 9,15 10,5 
LYS 351 10,21 10,5 
LYS 364 10,3 10,5 
LYS 415 9,94 10,5 
Residue predicted pKa theoretical pKa 
LYS 428 11,21 10,5 
LYS 430 11,33 10,5 
LYS 444 11,85 10,5 
LYS 470 11,66 10,5 
LYS 474 10,73 10,5 
LYS 508 12,51 10,5 
LYS 524 10,15 10,5 
LYS 526 10,38 10,5 
LYS 533 10,2 10,5 
LYS 589 10,61 10,5 
LYS 616 10,43 10,5 
LYS 625 11,74 10,5 
LYS 665 10,64 10,5 
ARG 193 14,27 12,5 
ARG 199 11,79 12,5 
ARG 212 13,26 12,5 
ARG 222 12,21 12,5 
ARG 261 12,16 12,5 
ARG 277 13,5 12,5 
ARG 297 12,41 12,5 
ARG 301 12,16 12,5 
ARG 343 10,66 12,5 
ARG 382 11,86 12,5 
ARG 384 12,27 12,5 
ARG 424 12,16 12,5 
ARG 452 14,59 12,5 
ARG 463 13,38 12,5 
ARG 471 13,51 12,5 
ARG 479 12,11 12,5 
ARG 539 13,52 12,5 
ARG 580 13,24 12,5 
ARG 582 12,05 12,5 
ARG 590 12,23 12,5 
ARG 651 13,38 12,5 
ARG 677 11,99 12,5 
ARG 682 12,56 12,5 
ARG 700 12,3 12,5 
ARG 718 12,49 12,5 
ARG 727 13,29 12,5 
N+  160 7,95 8 
C-  728 3,28 3,2 
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3. Rh-1,5-cyclooctadienyl-cyclopentadieneyl-ethyl-maleimide (CpRhCOD) 
 
Synthesis 
 
 
Figure 80: CpRhCOD with maleimide linker 
 
CpRhCOD was synthesized according to Onoda et al.51. The recrystallized product (Figure 80) 
was obtained as a yellow solid. 
 
1H NMR (400 MHz, C6D6): 5.71 (s, 2H), 4.85 (m, 2H), 4.80 (m, 2H), 3.83 (m, 4H), 3.57 (m, 2H), 
2.28 (m, 6H), 1.96 (m, 4H) 
 
13C NMR (100 MHz, C6D6): 169.9, 133.1, 102.0, 86.8, 85.8, 63.9, 38.7, 32.7, 26.7 
 
ESI-TOF MS: (positive mode) m/z calc. for C19H22NO2Rh [M + H+] 400.078, Found 400.090. 
 
Coupling and analytics 
 
CpRhCOD was coupled to FhuA ΔCVFTEV in 1.25 % (w/v) SDS solution (pH 7) with 10 % (v/v) THF 
as cosolvent to increase catalyst solubility.  
After purification with THF and refolding by dialysis the covalent modification of cysteine was 
determined by fluorescence titration of thiol with MMBC (Figure 81). The dye reacts with 
reactive thiol groups of proteins. High fluorescent intensities indicate free thiols and 
correspond to less efficient coupling while reduced intensities indicate coupling at cysteine. 
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Figure 81: Cysteine titration with fluorescent dye MMBC (ThioGlo1), 10 µM FhuA ΔCVFTEV, 30 µM MMBC, sodium phosphate 
buffer (10 mM, pH 7.4, 0.125 mM PE-PEG, 1 mM EDTA), 2h at room temperature of unmodified FhuA ΔCVFTEV, FhuA ΔCVFTEV 
coupled to CpRhCOD in 10 % (v/v) THF and catalyst in buffer. Background of buffer was directly subtracted. Treatment of 
FhuA with 10 % THF did not influence the fluorescence intensity. Fluorescence was measured using TECAN Infinite M1000 
Pro plate reader 
Unmodified cysteine of FhuA ΔCVFTEV exhibited the highest fluorescence signal. Fluorescence 
titration indicates a modification of the cysteine with a coupling efficiency of about 85 % 
(concentration corrected) in 10 % (v/v) THF shown by the decreased fluorescence intensity. 
The catalyst CpRhCOD itself (2 mM) showed only slight influence on fluorescence intensity. 
The dialyzed biohybrid catalyst was digested with TEV protease at room temperature for 24 h.  
Cleavage for MALDI-TOF-MS measurement was carried out with dialyzed CpRhCOD-FhuA 
ΔCVFTEV and homemade TEV protease using the unmodified FhuA ΔCVFTEV and non-digested 
samples as controls. The crude digestion mixtures of unmodified FhuA ΔCVFTEV and CpRhCOD-
FhuA ΔCVFTEV were ziptipped (ZipTip C18, Millipore) and analyzed by MALDI-TOF-MS (Ultraflex 
III TOF/TOF, Bruker) (Figure 82). 
 
 
Figure 82: MALDI-TOF-MS of FhuA ΔCVFTEV and CpRhCOD- FhuA ΔCVFTEV 
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The MALDI-TOF-MS clearly shows the FhuA fragment with unmodified cysteine (calc. 
5909.5 Da, found 5910.9 Da). However no modification was detected after coupling to 
CpRhCOD even though the fluorescence titration indicated a successful coupling. The loss of 
the complete catalyst-linker complex during ionization could be a reason but is very unlikely. 
 
The secondary structure of FhuA ΔCVFTEV and Cp*Ru-FhuA ΔCVFTEV after refolding was 
determined with circular dichroism spectroscopy (Figure 83). 
 
 
Figure 83: Secondary structure of FhuA ΔCVFTEV coupled to CpRhCOD measured with circular dichroism spectroscopy (Olis 
DSM 17, 0.5 mm cuvettes, 0.3 mg/ml FhuA ΔCVFTEV). The respective baselines were directly subtracted.  
The CD spectra of FhuA ΔCVFTEV and CpRhCOD- FhuA ΔCVFTEV showed the characteristic beta-
sheet minimum at 215 nm and the maximum at 195 nm. The CD analysis concluded that there 
is no structure altering effect caused by the attachment of the CpRhCOD to cysteine of FhuA 
ΔCVFTEV. However, since MALDI-TOF-MS showed no clear proof of modification it remains 
unclear if CpRhCOD is actually attached to FhuA. 
 
Polymerization of acetylenes 
 
Polymerization of phenylacetylene (Figure 84) was conducted using Rh-based catalysts51 
(10 µM) and 1 M of phenylacetylene in Tris-HCl (pH8) with 0.125 mM PE-PEG. After the 
reaction the polymer was extracted with CH2Cl2. Conversion and selectivity were determined 
by 1H-NMR (Table 37). 
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Figure 84: Polymerization of phenylacetylene by CpRhCOD 
 
Table 37: Catalytic results for polymerization of phenylacetylene by CpRhCOD based catalysts 
Catalyst Buffer Time Temperature trans/cis 
CpRhCOD THF 24 h 25°C 7 / 93 
CpRhCOD-FhuA ΔCVFTEV Tris-HCl (pH8 ) 24 h 25°C - 
 
The Rh-based catalyst was active in polymerization of phenylacetylene in aqueous solution of 
THF and gave an orange bulky product. The free catalyst showed a selectivity of 93% cis double 
bond content.  
While the free catalyst was active the biohybrid catalyst with the attached catalyst showed no 
conversion. Instead after several minutes a whitish precipitate was observed, corresponding 
to unfolded precipitated FhuA ΔCVFTEV (confirmed by SDS-PAGE). That implies that the 
addition of the strongly hydrophobic phenylacetylene led to a protein unfolding and 
precipitation, probably due to competitive interactions with the detergent. Increasing the 
concentration of PE-PEG did not improve the solubility of FhuA ΔCVFTEV in presence of 
phenylacetylene. 
 
 
To avoid the protein precipitation more hydrophilic substrates were used 
(p-nitrophenylacetylene, p-methoxyacetylene and propiolic acid (Figure 85)). 
 
 
Figure 85: Acetylene derivatives for polymerization with CpRhCOD. A) p nitrophenylacetylene, B) p-methoxyacetylene and 
C) propiolic acid  
 
While the phenylacetylene derivatives showed activity with the free Rh-catalyst (data not 
shown) no conversion was observed with the FhuA ΔCVFTEV biohybrid catalyst. Instead again 
precipitation was observed. The propiolic acid showed no conversion with the free catalyst at 
all. In contrast to the reports of Rh-catalyzed polymerization in water using propiolic acid237-
238 even the addition of base in equimolar amounts did not result in polymerization product. 
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It seems that the conversion of the carboxyl group to a carboxylate at pH 10 is not sufficient 
to prevent coordination to Rh with subsequent deactivation. However, further increasing the 
pH will lead to FhuA destabilization or hydrolysis of the maleimide linker. 
 
 
4. Ru-Chloro-dicarbonyl-cyclopentadienylmethyl-maleimide-butanoat (Cp*Ru) 
 
Synthesis 
 
Synthesis of Cp*Ru was performed by C. Broglia. The product was obtained as a brown solid 
(39 %) (Figure 86). 
 
 
Figure 86: Cp*Ru with maleimide linker 
 
1H NMR (400 MHz, CDCl3): 6.70 (s, 2H, HC=CH), 4.76 (s, 2H, Cp*CH2O), 3.57 (t, J = 6.8 Hz, 2H, 
NCH2CH2CH2O), 2.34 (t, J = 6.8 Hz, 2H, NCH2CH2CH2O), 1.99 (s, 6H, Cp*), 1.93 (s, 6H, Cp*), 1.92 
(m, 2H, NCH2CH2CH2O). 
 
Coupling and analytics 
 
Cp*Ru was coupled to FhuA ΔCVFTEV and FhuA_Δ1-159_C545 with different concentrations of 
THF (20 %, 0.5 %) as cosolvent to increase catalyst solubility81.  
The covalent modification of cysteine was determined by fluorescence titration of thiol with 
MMBC (Figure 87). The dye reacts with reactive thiol groups of proteins. High fluorescent 
intensities indicate free thiols and correspond to less efficient coupling while reduced 
intensities indicate coupling at cysteine. 
 
                                                     
 Synthesis of Cp*Ru was performed by C. Broglia, Institut für Anorganische Chemie, Prof. J. Okuda, RWTH Aachen 
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Figure 87: Cysteine titration with fluorescent dye MMBC (ThioGlo1), 10 µM FhuA ΔCVFTEV, 30 µM MMBC, sodium phosphate 
buffer (10 mM, pH 7.4, 0.125 mM PE-PEG, 1 mM EDTA), 2h at room temperature 81. Background of buffer was directly 
subtracted. Treatment of FhuA with 20 % (v/v) THF did not influence the fluorescence intensity. Fluorescence was 
measured using TECAN Infinite M1000 Pro plate reader 
 
Unmodified cysteine of FhuA ΔCVFTEV exhibited the highest fluorescence signal. After 
treatment with Cp*Ru and MMBC addition the fluorescence decreased according to the 
amount of occupied cysteine. Using folded FhuA ΔCVFTEV with Cp*Ru without any cosolvent a 
coupling efficiency of about 95 % was detected. The use of 0.5 % (v/v) THF to increase catalyst 
solubility resulted in comparable coupling efficiency. However further increase to 20 % (v/v) 
THF significantly decreased the coupling efficiency probably due to partial protein unfolding 
and precipitation (slightly turbid solution after coupling procedure).  
Cleavage for MALDI-TOF-MS measurement was carried out with dialyzed Cp*Ru-FhuA ΔCVFTEV 
and homemade TEV protease using the unmodified FhuA ΔCVFTEV and non-digested samples 
as controls (Figure 88)81. 
The crude digestion mixtures of unmodified FhuA ΔCVFTEV and CpRhCOD-FhuA ΔCVFTEV were 
ziptipped (ZipTip C18, Millipore) and analyzed by MALDI-TOF-MS (Ultraflex III TOF/TOF, 
Bruker). 
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Figure 88: SDS-PAGE (12% gel, 18 mA, 1 h, 5 µl sample) of FhuA digestion with TEV protease (20 µl protease, 1.3 U/ml, 
pH7.4, DTT, 24 h). M = marker, Fermentas PageRuler; 1 = FhuA ΔCVFTEV; 2 = Cp*Ru-FhuA ΔCVFTEV digested; 3 = FhuA ΔCVFTEV 
digested; 4= Cp*Ru-FhuA ΔCVFTEV undigested 
 
Digestion of FhuA ΔCVFTEV resulted in two fragments (40.5 kDa, 17.3 kDa) visible in SDS-PAGE 
analysis. Although the important fragment 5.9 kDa was not observed in SDS-PAGE directly the 
existence of the two other fragments implies that this fragment carrying the cysteine was 
successfully formed. 
The digestion of FhuA ΔCVFTEV showed a comparable low cleavage efficiency. After 24 h not 
more than 10 % of FhuA ΔCVFTEV was digested due to low activity of the homemade protease 
(1.3 U/µl compared to 10 U/µl for AcTEV from lifetechnologies) and inhibition by present 
detergent PE-PEG. Elongating the digestion time beyond 24 h did not result in increased 
efficiency. Comparing the modeled incorporation possibilities for the sequence motif the 
insertion resulted in higher theoretical accessible surface area. But considering the protein 
stability as more important the sequence motif was incorporated by elongation resulting in 
reduced surface area. To increase the cleavage efficiency the loop insertion-variant of 
FhuA ΔCVFTEV could be used. 
The crude digestion mixtures of unmodified FhuA ΔCVFTEV and Cp*Ru-FhuA ΔCVFTEV were 
ziptipped (ZipTip C18, Millipore) and analyzed by MALDI-TOF-MS (Ultraflex III TOF/TOF, 
Bruker) (Figure 89). 
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Figure 89: MALDI-TOF-MS of FhuA ΔCVFTEV and Cp*Ru-FhuA ΔCVFTEV,81 
 
The MALDI-TOF-MS analysis revealed the unmodified digested FhuA ΔCVFTEV-fragment at 
5905.6 Da (calc. 5905.9 Da, monoisotopic). The successful construction of the biohybrid 
catalyst would correspond to a fragment of 6415.9 Da (calc., monoisotopic) carrying the 
catalyst (calc. 510.03 Da). The fragment was detected at 6107.1 Da (calc. 6107.6 Da, 
monoisotopic), which corresponds to FhuA ΔCVFTEV coupled to the linker of Cp*Ru, ester 
cleavage and hydrolytic maleimide opening with water addition (calc. 202.7 Da). 
 
The decomposition of the catalyst occurred most likely during sample preparation for MALDI-
TOF-MS. In particular the slightly basic pH in aqueous conditions at room temperature over at 
least 24 h could cause an ester cleavage and the hydrolytic ring-opening of the maleimide 245. 
To prevent the decomposition of the catalyst complex, the cleavage parameter could be 
optimized towards chemical stability of the attached complex. The TEV protease shows 
highest activity at 30-34°C and pH 6-9246-247. But even at 4°C the TEV-protease retains 
significant activity248. The reduced temperature and lower pH will enhance stability of the 
attached linker. 
 
The structural integrity of the constructed biohybrid catalyst during reaction is a prerequisite 
to ensure a sterically defined environment to obtain optimal stereo control of the reaction. 
The secondary structure of FhuA ΔCVFTEV and Cp*Ru-FhuA ΔCVFTEV after refolding was 
determined with circular dichroism spectroscopy (Figure 90). 
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Figure 90: Secondary structure of FhuA ΔCVFTEV coupled to Cp*Ru measured with circular dichroism spectroscopy (Olis DSM 
17, 0.5 mm cuvettes, 0.8 mg/ml FhuA ΔCVFTEV). The respective baselines were directly subtracted81 
 
The CD spectra of FhuA ΔCVFTEV showed the characteristic beta-sheet minimum at 215 nm, 
however, the maximum at 195 nm could not be detected due to strong UV absorption of the 
Cp*Ru-complex below 200 nm. The CD analysis concluded that there is no structure altering 
effect caused by the attachment of the Cp*Ru to cysteine of FhuA ΔCVFTEV. 
 
Diels-Alder-reaction 
 
Reactions (Figure 91) were performed in ddH2O with pH 7 using the free Cp*Ru catalyst, 
Cp*Ru coupled to FhuA ΔCVFTEV and a blank run without catalyst or protein in 0.125 mM PE-
PEG. Aza-chalcone and cyclopentadiene were used with ~10 eq. (1 M). Conversions and 
endo/exo ratio were determined by 1H-NMR spectroscopy (Table 38). 
 
                                                     
Diels-Alder reactions were performed by C. Broglia, Institut für Anorganische Chemie, Prof. J. Okuda, RWTH 
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Figure 91: Diels-Alder-reaction of aza-chalcone and cyclopentadiene 
 
Table 38: Catalytic results for Diels-Alder-reaction (Figure 91) using Cp*Ru 
Catalyst Catalyst loading Time Temperature Conversion 
- - 48 h r.t. 46 % 
Cp*Ru 1 mol% 48 h r.t. 45 % 
Cp*Ru-FhuA ΔCVFTEV 1 mol% 48 h r.t. 48 % 
 
The use of Cp*Ru (10 mol%) for the Diels-Alder-reaction of aza-chalcone and cyclopentadiene 
in H2O:CH3CN = 1:1 at 25°C showed for short reaction times (16 h) increased conversions of 
50 % and an endo: exo ratio of 57:43 compared to 35 % yield and an endo:exo ratio of 77:23 
in absence of catalyst.  
However, using Cp*Ru for the Diels-Alder-reaction of aza-chalcone and cyclopentadiene in 
aqueous media showed no significant difference on conversion or endo/exo ratio. Hence the 
Lewis-acid Cp*Ru did not result in activation of the dienophil. Also using the FhuA ΔCVFTEV 
protein environment did not show any activating or asymmetric effect on the reaction.  
These results leave room for improvements on both the catalyst and the protein part. A main 
task would be to improve the activity of the catalytic complex. C. Broglia [Institute for 
Inorganic Chemistry, RWTH Aachen] showed that acetonitrile ligands instead of CO led to a 
much higher activity. 
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